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ABSTRACT

Two composite solid propellant combustion experi-
ments aimed at further elucidation of combustion mechanism are reported;
one deals with burning surface photomacroscopy, the other, with low

pressure combustion and oxidizer particle size influences on it,

The first investigation involved photography of the surfaces
of 1/4 inch square polysulfide-ammonium perchlorate (unmetallized) pro-
pellant strands during combustion in a coaxially-flowing nitrogen en-
vironment. Intense electronic flash illumination was used to render
the luminosity of the flame photographical.y negligible, and the exter-

nally-lighted surface was thereby viewed obliquely through the propellant ' P

flame zone at up to seven times magnification. Apparatus is described

in detail, and an appendix of first-order analytical studies of the
resolution-""depth-of-field'" tiade-off i1 photomacroscopic systems is
included, Useful combustion pressures for high resolution surface

photography of burning strands were found to be limited to less than

about 500 psig. due to increasing cavbon continuum radiation and thc¢ image-~

degrading temperature inhomogeneities of the flame zor  at higher

pressures. Observations on polybutadiene-acrylic acid~ammonium perchlorate

and polyester-ammonium perchlorate propellants indicated an even lower
pressure limit on high resolution burning surface photomacrography.
Results include single frame black-and-white photographs displaying

the combustion of the large oxidizer particles of a bimodal blend

v




within crater~like surface depressions and cloud-like haze patches over
some individual large oxidizer particles. Liquid-phase agglomerates
were also photographed when potassium perchlorate was substituted for
ammonium perchlorate in the polysulfide propellant.

The second invéstigation deal. with the dependence of the sub-~
atmospﬁeric pressure burning rates of 1/4 inch square strands of ammonium
perchlorate (polybutadiene~-acrylic acid and polysulfide, unmetallized)
propellants on pressure and oxidizer particle size, An apparatus pro-
viding for burning rate determination by sequence photography of the
strands burning in an essentially stagnant nitrogen environment is
detailed, and burning rate versus pressure results are reported for two
propellants containing narrow, unimodal oxidizevr cuts with mean particle
sizes of 13 and 165 microns, On the basis of these and the earlier data
of Bastress, it is suggested that mass diffusion may be an insufficient
basis for an explanation of particle size effects in composite propellant
combustion and that current analytical formulations of mass diffusion
concepts are not supported by the observed trends of burning rate data
at low pressures. Several possible alternatives to mass diffusion expla-
nations of particle size effects are mentioned and include locally unsteady
burning and the particle size dependence of ammonium perchlorate thermal
decomposition. In the light of this study using # nearly-stagnant environ-
ment a different apparatus arrangement providing a coaxisl purge-flow
ev. ' rpument was judged necesssry for low pressure flame spectroscopy or

T , surface photography because of optical interference by the white

smoke _ypically produced during low pressure combustion.

vii




CHAPTEK I

INTRODUCT IOd

In the midst of a large body of publishea experimental data
on the many aspects of the combustion of composite s0lid propellants
appears a ¢~ siderable discussion and presentation of theories regard-
ing the steady-state combustion mechanism of these propellants. Several
reviews have been directed at surveying the status both of these com-
bustion mechanism theories and of the associated experimental results
bearing upon them (5) (6) (7)*. While it is not the aim of this thesis
to deal directly and in detail with these various hypotheses of burning
mechanism, nonetheless, some mention of them serves to clarify the
aspects of combustion mechanism dealt with herein. Not considered here
are the several propellant theories involving homogeneous propellant
models despite possible and suggested application of these theories (35)
to composite propellants with either so-called "inert'" binders or those
with separately-reactive binders,

Current theories of solid propellant combustion mechanism
deal almost exclusively with the prediction of the propellant burning
rate (linear regression rate of the burning surface) as a function of
combustion p-2ssure, The ballistic implications of such a relation between
mass rate of combustion and chamber pressure are well known (8) (34) (36).

The various heterogeneous propellant burning rate thecries deal
witn several important physical processes and combine these within the

following pheiromenological vicw of the combustion process: Gas~phase

*Numbers in parentheses refer to references listed on page 74




reaction of fuel and oxidizer initially unmixed and streaming separately
from the burning surface serves as a source for heat feedback tc the
surface; this heat feedback provides energy to support gasification

and any endothermic reaction in the solid phase and at the surface.

The heat feedback also serves to raise the propellant from its initial
sensible enthalpy level to a higher level corresponding to the higher
temperature of the burning surface,

In the sense that heat transfer is presumed to be the mechanism
of flame propagation into the sclid, the various composite propellant
burning theories are so-called "thermal :heories" of flame propagation.
In the sense that heat release through gas phase reaction is assumed
to depend upon mixing of gaseous reactants (which are initially unmixed
at thé burning surface), the theories are largely fof so~called "diffusion
flames" either controlled by the rates of mass diffusion transverse
to the burning surface (as contrasted to control by chemical reaction
rates) or at least strongly influenced by such diffusion rates. The
solc exception to this is the oxidizer-decomposition-controlied model
of Chaiken's theory (2).

In the face of the obvious difficulties and complexities
encountered in any attempt at complete analytical description of the
composite propellant combustion zone, current burning rate theories
deal with postulates of simplified, controlling processes, i.e., heat

feedback by conduction only (either quasi-one-dimensional (1) (4),

© i 8 it
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two-dimensional (3), or three-dimensional (2))with either gasification
and diffusion controlling (1), chemical kinetics controlling (2), or
& combination of chemical kinetics and diffusion (4) controlling heat
release. |

Analytical treatments in current composite propellant theories
typically deal with gas phase processes via the equation of energy
conservation in a convective [low field. Expressions for burning rates
as functions of pressure particle size, flamc temperature, etc, are
determined either by use of an integrated erergy equation form wherein
energy conservation at the plane of the burning surface is expressed in
in terms of mass flux, surface and flame temperatures, and flame stand-off
distance from the surface (1)(2)(4) or by actual integration of the
appropriate differential equation for energy conservétion in a flow
fieid with given temperature and composition boundary conditions both
at the surface and downstream at infinity (3). In all cases the dimensional
scale of solid phase inhomogeneity (say, mean oxidizer particle size)
is introduced into the energy ~quation formulations. Typically, this
scale of inhomogeneity is related tc flame stand-off distance from the
surface /quasi-one-dimensional, concentrated flame zones) or, in more
general terms (for non-concentrated, multi-dimensional fiame zones),
to the characteristic physical scale of the gas phase temperature profile.
This relation is typically the result of considering either diffusion

resulting from gas phase composition heterogeneity (1)(3)(4) or




burning surface configuration (2)(3). 1Inherent in all treatments

is the modeling of the burning surface in some simple manner which is
not justifiable a priori but is only supportable in the light of
experimental observations. Further, in all cases, the burning surface
temperature enters the energy equation either as a constant or as a
dependent variable determined by simultaneous solution of the energy
conservation equation and pyrolysis rate expressions* for burning
surface gasification rate.

One quickly observes in the light of the preceding comments
that, at least in conjunction with extant theories (and probably in
any theory of composite propellant combustion which is to account for
propellant heterogeneity effects on burning rate), two aspects of the
combustion process are of particularly profound impoftance. These are
the physical and chemical nature of the burning surface and the physics
of the gas phase mixing process,

The importance of the burning surface and consequently of at

least a partial knowledge of its nature in composite propellant combus-

tion is apparent. Physically, its importance is that of a reactive phase

interface with composition inhomogeneity which forces gas mixing prior
to reaction in the gas phase, Further, the burning surface represents
an obvious physical boundary in the midst of the zone affected by com-

bustion. The composition discontinuity across the surface determines

* These rate expressions have generally been of the Arrhenius
form,




{both chemically and physically) the nature of the reactant inputs

to the gas phase flame. Mathematically, the burning surface is of
obvious import as a boundary of the presumed major reactive region

(the gas phasge), In any differential treatment of the gas phase state
the surface must be specified as a boundary condition in terms of
transverse temperature and/or composition profiles and gradients, Like-
wise, integral treatments of the propellant flame must include specifica-
tion of at least thermal gradients at the surface and mass flow from

the surface in order to treat energy and overali mass conservation in

the flame zone,

Similar to the burning surface, the subject of the gas phase
mixing of ifuel and oxidizer has a justifiably essential place in current
theories of composite propellant combustion, Visual And photographic
observation of the combustion of such propellants (at any but ihe lowest
combustion pressures) has indicated inhomogeneity in the gas phase (see,
for example, references (13)(14)(16) (17)(24)(25)(37)(38)(46)). The impli-
cations of this inhomogeniety on reactive heat release and consequent
thermal flame propagation as described above are obvious. Experimental
burning rate measurements indicate oxidizer particle size effects which
also suggest mixing influences, Mathematically, inhomogeneity in the gas
phase reactive region necessitates the introduction of two or three
dimensional mass diffusion formulations into either dlffe;ential or

integral treatments of the composite propellant combustion situation,

o O RIS P L RN 1 R M M




As might, therefore, be expected, the various characterizations of
gas phase mass diffusion effects in composite solid propellan: combus-
tion mechanism theories are quite diverse.

This thesis describes two researches into the nature of: first,
the birning surface, and second, the effects of inhomogeneities on composite
solid propellant combustion. It deals with the development of a photo-
graphic research tool for gaining needed insiglt: into the nature of
the composite propellant burning surface and with some results of the
use of this technique. Further, it describes burning rate measurements
on composite propellants burning at low pressures which constit.te an
extension of previous researches into diffusive influences on composite
propellant combustion. These two aspects of the overall combustion
picture are dealt with separately in the following twe chapters and
experimental results are presented for each case. These results,
while not comprehensive, do serve to establish clearly the feasibility
of meaningful photographic studies of the propellant burning surface
and to promote a more careful consideration of diffusive influences in

composite propellant combustion,
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CHAPTER 11

COMPOSITE SOLID PROPELLANT BURNING SURFACE PHOTOGRAPHY
a. Background

There are a number of interesting aspects of the nature of a
solid propellant burning surface with respect to combustion mechanism
and burning rate theories. Insight into some of these various aspects
is to be expected from reasonably-high-resolution photographic studies
o. the surface.

Surface shape has been involved both in mathematical characteriza-
tions of the surface, e.g., the '"two-temperature' surface of the Nechbar
"sandwich" model (3), and also in attempts at qualitative description
of burning rate details, e.g., the surface "waviness" observed by
Bastress and postulated by him to relate to particle-size-induced
plateau burning effects (9).

Questions of phase of the surface material arise with some
oxidizers and fuels, e.g., l(ClO4 oxidizer or polyurethane fuel (10),
These question rolate to such matters as physical mixing of reactants
before gasification and change in gas phase scale of inhomogeneity due
to material agglomeration at the surface,

Further, the actions and effects of numerous propellant
additives including catalysts and metal particles have been either
observed or postulated to depend on surface phenomena. For example
such effects as protrusion from surface into flame zone (11)(40) and

surface agglomeration of fine metal particles (12)(17) are of




considerable interest and are amenable to investigation by burning

surface photography. Other interesting aspects of the burning surface

include the intermittent and unsteady combustion of discrete oxidizer
particles and the physical appearance of the surface as evidence of
sub-surface reaction in the solid phase. From these numerous and interest-
ing considerations, one is, therefore, led to investigate the possibility
of applying photographic techniques to observations of the propellant
burning surface.

While considerable previous work involving photog" 'phy of

burning solid propellant and of extinguished solid propellant surfaces

has been reported, up to this time little concerted effort has apparently
been made to observe the burning surface itself during combustion.
Such work as has been reported involves one of three approaches, i,e.,
such low resolqtion surface observation as is possible via flame illumination
itself (10), profile observation via backlighting of very thin propellant
strands (13), or relatively low resolution photography of surfaces via
external artificial light sources (10). Without exception previous
efforts have had serious limitations due to the abnormality of the
burning situation in which surface observations are made.

In those cases where flame luminosity serves as the light
source for surface photography, it s generally difficult to observe

the surface except nesr an edge of the burning sample. Likewise,

Hiniage ..




observations on very thin propellant samples force observations on the
sample edge where combustion may be quite abnormal as compared with
the central portion of a large sample, Edge effects as indicated, for
example, by the dependence of burning rates (measured by combustion

of small strands of propellant) on sample size {(14) can be important
in distorting the combustion process by various means such as heat
loss from the solid phase, mixing of ambient gases with the flame zone
immediately above the propellant sample, etc. Thus, both surface
observation by self illumination and by profile views of thin samples
have a serious drawback in leaving the observer uncertain of how

well his observations really characterize the surface of a normally-
burning propellant sample.

Past efforts a. photography of burning propellant surface via
artificial light sources likewise raise serious questions regarding
validity of the observations made. To date, in each situation where
artificial {llumination was provided for photographic observation,
the continuous light sources used were of such intensity as to
allow ignition of the nropellant sample solely by the radiant energy
flux of this illumination (10) (15). Clearly, the radiant energy
influx inherent in such illumination affects the combustion process and
the burning surface structure to an indeterm:nant extent. This fact
must cast serious doubts on surface observitions made under such

circumstances.
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Further comments on previous atiempts at burning surface
photography may be made with respect to the resolution of surface
detail. Previous efforts may be roughly classified into two types:
those involving relatively low magnification (up to about two times)
with relatively large depth-of-field (10)(12)(15){i7) and tnose
involving relatively high magnification (from ten times to twenty times)
and small depth-of-field (13)(16). No previous work of this sort at
intermediate magnifications, say, three to ten times is known.

The first of these types of past photographic effort has the
disadvan..ge of yielding observations on only grossest structure of
the burning surface to an extent that will be made clearer in later
portions of this thesis. Though gross features are of interest with
respect to some aspects of surface phenomena, e.g., metal additive
agglomeration, it is certainly desirable to attain higher resolution
for study of other aspects, e.g., oxidizer-fuel surface configuration.

The second type of photographic studies (high magnification,
low depth-of-field), while providing greater resolution of detail,
suffers from decreased depth-of-field such that frequently only regions
with dimensions of the same order of magnitude as a typical oxidizer
particle size are"in-focus'! Further, (t is this second type which

typically has the thin sample edge effect uncertainty deascribed above,

Thus, it is appropriate to seek to develop a better photographic

o b




-11-

system for burning surface photography not only because of the previously-

described effects of sample configuration and artifical illumination,

but also because of resolution vs. depth-of-field considerations.

B.

Experimental Program

i. Aggroach

The basic concept from which the research program
described in this chapter grew is that of photographically viewing
the burning surface using an artifical light source for ifllumination.
This light source should be of such intensity that the photographic
effect of flame illumination is negligible under the photographic
exposure conditions used. This concept also included a ccunfiguration
minimizing the possiblity of observations of uncertain validity
because of edge effects and light source radiant ener,y effects.

2. Concept Feasibilit,

To evaluate the feasibility of the photographic technique,
an experiment was carried out in which strands of solid propellant
were photographed while burning at atmcspheric pressure in a stream
of nitrogen gas. The experimental arrangement is depicted in

Figure 1.

For this preliminary experiment, existing equipment
was used which limited the magnification on the film to five times

actual size. The camers used was a 35 mm. single lens reifex




equipped with an apochromatic £/1.8 lens and extension tubes.

ing a relatively coarse ammonium perchlorate oxidizer and was

taken with the apparatus of Figur: 1. While Figure 2 and other

it was apparent that the depth of field and spatial resolution

obtainable offered encouragement for further efforts.

Placement of an electronic flash gun sufficiently

Figure 2 is a photograpn of a typical composite propellant contain-

similar photographs constituted ouiy a preliminary test of the concept,

close to the burning strand made ample light intensity available,

even though the nominal aperture setting was the largest possible

with the apparatus used (f/22). Theuse of an electronic flash

as the sourc of illumination had the added advantage of limiting

the exposure time to about 1/1000th second, thus providing time
resolution of the moving burwing surface similar in order of

magnitude to the spatial resolution sought,

On the strength ol successful photographs such as that

of Figure 2, the following experimental program to allow surface

photography at higher resoclutinn and over an appreciable range of

combustion pressures was initiated.

3. Apparatus

Since the relation between combustion chamber pressure

-

and propellant burning rate is a major interest in composit.
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solid propellant combustion, burning surface observations at different
pressures are desirable. Tc this end, a pressure vessel and compatible
optical system were required.

a. Optical Strand Buraer

The following pressure vessel specifications allowing
comprehensive burning surface photography were considered in
selecting the optical strand burner:

1. Pressure range from sub- or at least atmospheric

to approximately 200G gsia.

2. Provision for ignition of the propellant inside
the pressure vessel.

3. Optical windows appropriate to both photography
and auxiliary lighting requirements, e.g.,, an
oblique or normal view of the burning surface
itself was required rather than merely a p;bfile
view,

In crder to eliminate the need for applying a restrictive
coating tu the propellant sides (which would obscure the view
of the burning surface), a continuously-purging chimney-type
propellant strand burner selected for this investigation,

The burner used was a mocdification of an existent

propellant strand burner equipped with slot windows in the
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axial direction. The primary burner modification required
was provision for an inner chimney to allow more uniform gas
flow past the burning propellént and assure ease in cleaning
optical surfaces open to possible soiling by combustion products.
The slot %i..ov" of the burner srovided a range of directions from
which to supply auxiliary photographic lighting to the strand
surface., However, because of the chick windows required for
high pressure cuatainment, attempts to view the strand via an
cptical path oblique to the window surfaces suifered from excessive
distortion in photdéraphic image quality (particularly consider-
ing the high lével in rcsolution desired in this study). Con-
sequently, a novel technique for igniting the propellant strand
was developed. This téchnique forced the propellant surface to
burn at an angle to the bomb windows and to the optical axis of
the photographic system, Since Ehe burning surface tended to
direct itself during the combustion process toward a plane normal
to the axis of the strands, the surface_was viewed shortly
after ignition (long enough after ignition, however, to
assure the end of ignition transients causing variation in the
shape of the burning surf#ce).

The original strand burner arrangement provided for
purge gas inlet ar the bottom of the burner but this was found

to produce an ejector effect which lowered the pressure
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between the inner chimney and burner pressure body. This

pressure decrease promoted a slight leakage of product gases
from inside the inner chimney to the annular region between

it and the pressure windows. Leakage resulted in a deposition

of soot and smoke on the inner surfaces of the pressure windows,
In the final arrangement as illustrated in Figures 3 and 4, gas
‘'was introduced at the top ofnghe burner and forced to flow

down throug.. the annular passage thereby precluding such leakage.

b. Optical System .

1. '"Depth-of-Field" Versus 'Resolution® .

Preliminary photographic studies (see page 11)
indicated "depth-of-field" to be a major influence on .he
apparent usefulness of burning surface photographs. That
is to say, visual observation of projected color trans-
p2 "encies and enlargementd of black-and-white negatives

"shuwed only a narrow reg;on‘df the obliquely-viewed
propellant surface in any detail.1 Clearly, this effect

had to be accounted for in attempting rational optical

This, of course, only reflects what photographers know well, i.e., that

wh* e ihe detail ultimately observable through enlargement of a photograph
of a planar object (located at a photographic sysiems plane of perfect focus)
depends solely on the quality of the film, lense, etc., detail in the photo-
graphic image of a non-planar object (of finite depth) is als' influenced by
the geometrics of optical imege formation. Thus, the image of every point

of an object is not, even for '"perfect' optical systems, a point but

rather a finite area. The visual effect of this area is attributed (if

the human eye can resolve the finite dimensions of r'e area) to the

subject puint's being "out-of-focus',
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system design for the given instrumentation problem. Thus

it was obviously not sufficient that the photographic optical
system be fabricated from components capable of resolving
small detail only at the geometrical plane of perfect focus.
It was required further that the resultant object depth over
which such a detail wac "in focus" had to exceed the actual
dimensions.

Rather than consider '"depth-of-field" in the classical
photographic sense, it appeared jrational to consider “"resolution"
as the combined result of both geometric ('depth-of-field")
effects and non-geometric (diffraction, optical aberration,
film grain, etc,) effects, Such treatment was expected to sub-
stitute for the classic calculated "depth-of-field" values a
functional relationship between resolved detail and displace-
ment from the plane of perfect focus. This result would
be in contrast to the typical photographer's definition of
"depth-of-field’ as that single object displacement from the
plane of perfect focus which results in an arbitrary resolved
detail scale (with actual numerical values dependent on sub-
jective factors e.g., degree of photographic enlargement, resolving
power of the human eye, perspective, etc).
¢. Detailed Description of Nitrogen Purge System

Nitrogen purge gas was supplied to the optical

strand burner by the same pressurizing system used in previous
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sctudies at this laboratory (see References (9), (26)). The
control panel for the nitrogen flow is shown in Figure 5 .

For the purposes of this study, nitrogen purge gas
for the optical strand burner was routed through the temperature
conditioning coil of another strand burner before being admit-
ted to the optical strand burner. This arrangement was required
for two reasons, both due to the high nitrogen supply pressure
(2000 psig.) at the control panel. 1In being throttled at the
control panel from a high supply pressure to the lower pressures
used in this study, the purge gas was found to be cooled sub-
stantially. This cooling caused, first, difficulty due to con-
densation of moisture on the interior window surfaces of the -
burner when the cooled burner interior was opened to the atmoec-
phere after cne firing amd in preparation for the next, Further,
it was felt that a cold purge flow environment might possibly
result in lack of reproducibility of burning due¢ to the varying
times of strand exposutre to the cold purge flow during normal
burner operation. Hence, the conditioning coil was inserted
into the nitrogen supply system,

Temperature conditioning of the n..cogen purge gas
was accomplished by electrical heating of the n..rogen supply
conditioning coil via a circulating hot water both. The coil
was found to be long enough that nitrogen emerging from it was
essentially at the surrounding water bath temperature (which

was thermostatically controlled at 70°F.). This fact was

established for the range of flows actually used in this study
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by immersion of a thermocouple in the gas flow between the con-
ditioning coil outlet and the optical strand burner inlet.

2. Optical System Analysis and Results

A simplified analysis of a single lense photographic
system was carried out in order to determine: the minimum scale
of resolved object detail (dm) as a function of primary optical
system magnification (M), combined film and optical system
scale of resolution (dof), effective F-stop (F)l, and object
displacement from the plane of perfect focus (D). The analysis
was aimed at determining the maximum object displacement (D)
from the plane of perfect focus for which object detail of
scale dm might be expected to be recorded on the film. In
classical photogruphic terms, this corresponds to finding the
functional relationship between "depth-of-field" and "circle-of-
confusion" where this "circle-of-confusion" results from both
geometrical and non-geometrical effects (and is considered a
variable) and where 2D corresponds to a pseudo-'depth-of-field",

Two facts are apparent from the results of the analvsis
which is described in detail with typical numerical values in
Appendix A, First, it isglear that below a certain dimensional
object scale a major loss in the amount of surface viewed in
detail {s the penalty paid for a high resolurion teqﬁirement.
This fact is empirically apparent qualitatively to anyone who

has used a microscope, Second, it must be noted that a fundamental

lEffecttve F-5topSF&(M+1)Fnom., where FnomaNominal F-Stop of lense.
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limitation exists in that, within the range of dm reasonably

associated with small oxidizer particles (say, dm = 10 to 30

microns), the distance over which such resolution is possible ‘

(2D) may easily be of the same order as dm itself.

3. Optical System Details

In the 1light of the factors discussed above and .
associated calculations, the optical system shown schematically
in Figure 5 was constructed, Basicrlly the optical system
consisted of a 4" x 5" view camera body with two 2' diameter
black felt-lined extension tubes of 16" and 30 lengths as well - *
as appropriate lens, shutter, and film-holding adapCetsl. The
complete assembly was mounted on an optical bench and directed
at the propellant strand burner as indicated in the figure.
The lens used was an enlarging lens of 100 mm. fopgl

length with diaphragm aperture openings nqminallj-beﬁween £/5.6

e e

and £/45. This quality enlarging lens was chosen because of
its correction for non-infinite e&jéct'distance,'and it was
mounted in rev.rse to insure cperation close to its design

coudttionaz. 1ts 100 man., focal length-was chosen to suit the

g e A

1. Though the apparatus was built with a capability for burning surface
cinemscrography, moticn pictures were not attempted in this study,

A AN g G
L

2. Righer quality, so-called “process’ lerizes vith correction for noa-
infinite object distance are commercially available. These lenses:
are, however, typicaily designed for use at quite low magnification
(frequently unit magnification). It was, therefore, felt that an
enlarging Jens (typically designed for magnifications in the range
desired) probably offered a better alternative lens choice,

|
i




range of magnifications desired and the access‘available to the
optical strand burner (nearest approach approximately 4 1/2
inches). An iris shutter with synchronization for electronic
flash up to shutter speeds of 1/500 sec, was mounted behind
the lens. Electronic flash synchronization at hLigh shutter
speeds was required in order to minimize flame radiation
photographic effects while still allowing photographic observa-
tion of the burning surfacg via electronic flash lighting.
The 4" X 5" camera body with bellows and interchangeable
extension tubes provided ease of focussing and an appreciable
range of possible magnifications. It futthér allowed use of

. diverse film emulsions and formats via interchangeable sheet
film holders, a Polaroid film back, and a 35 mm. single
lens reflex camera body mounted on an adapter plate. Focussing
was accomplished using either the 35 mm., reflex camera body

viewing system or a ground glass screen mounted in the image

plane.

c. Photographic Light Source

* _ ‘Careful consideration was given to the problem of
choosing a light source Lo supply the necessary level of {llumina-
tion to the strand surface and allow photographs of the burning

surface to be taken through the propellant flame. Major infitial




concerns were the short exposure times required to render burning
surface motion negligible during exposure and the high levels
of illumination required to render flame emission photographically
negligible.

For a propellant burning rate of 1 inch/second
(high combustion pressure), calculations show that exposure times

of the order of 100 wicro sec. are necessary to stop motion of the

burning surface effectively at 5 X to 10X magnification. Shorter

exposure times than this are readily obtained with spark and electronic

flash tube sources. Exposure time was, therefore, not deemed to
represent a major obstacle to light source choice unless it became
one in conjunction with illumination level requirements.

Analysis of preliminary photographic results {Section
B-2 above) indicated that the luminous flux required from the
photographic light source was approximately 10 1umens/cm2/ exposure
at the strand surface in order to allow use of color and/or high-
resolution black-and-white films with 5X to 10X magnification on
the film, This requirement has tio aspects of particular importance:

first, the basic problem of accomplishing surface illumination

at a relatively high level, and second, the implications that
such & high level radiant energy flux may have on the cowbustion

process,
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The ultimate illumination level available from a
light source depends on its size and brightness. A source's
"effective" size may be increased by the use of reflectors,
focussing optics, etc., but only within the limite set by geometri-
cal and physical optics considerations., The brightness of a ;
source cannot be increased optically. More specifically, the
radiant energy flux which can be provided at a single point ;
(infinitesimal aréa) in space depends cnly on the geometrical solid
angle through which energy is incident on the point and on the
brightness of the illumination sc -ce. This solid angle of
incidence depends on the effective size of the source.

Though the effective source size (solid angle of

illumination at the lighted object) may be increased by optical

means, it may also be decreased by optical "stops' between the
source and the illuminated point or area; such was the case with

the slot window optical strand burner used in the photographic

3 studies involved here. The geometrical sclid angle available

for strand lighting was limited due to the relatively narrow

o RF Rl e i

slot windows of the burner., Source brightness, therefore, effectively

limfted available illumination and near-maximum illumination level

;g {for this configuration) was achifevable with relatively high bright-

A, SB[

ness (6500°K color temperature), low total energy per flash (30 %

watt-second) electronic flash tube and reflector, Commercial
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flash tubes do not typically operate at higher brightnesses than

than corresponding to about 6500°K. color temperature. Therefore,
without specially built lighting equipment,-the capability of

the modest source used in these studies could not be expected to

be appreciably improved upon. Fortunately,'in both numerical estimate
and use, this source was found practical for the photographic efforts
described in this study.

Only attempts at cinemacrography or higher magnification

single- frame photography were anticipated to require careful, source-
limited (rather than window limited) illumination system design

(in the first case, because of the low energy flash light outputs

of high repetition rate electronic flash light sources, and in the
second case, due to the higher required illumination level). The
flash source used was found to operate with an effective flash duration
of about 500 microseconds which proved amply short considering

the relatively low propellant burning rates to which surface
photography was limited by other problems (see page 29),

Analysis showed that illumination from this source is comparable

to or slightly greater than that which might be obtained using

a carefully-de?tgned cinematographic flash light source. Hence,
with respect to lighting, the single -frame photographic conditions
and results reported later {n this study were similar to those to

be expected from multiframe photography involving a considerably

more complex light source.
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The use of an auxiliary photographic light source

for even the relatively low magnification (5X to 10X) burning
surface photography considered here is restricted by the possible

- ’
effects on propellant combustion of the high radiant enefgy flux
required. 1f gn appreciable portion of this energy flux is absorbed

by the propellant, the possibility exists of seriously altering

the naturz of the propellant combustion process, thereby invalidating

observations of surface structure made 1n this situvation. This !
fact has not been given appropriate consideration in some of the

previous photographic investigations of propellant burning. As

mentioned above, a luminous flux on the order of 10 lumens/cmzl

exposure incident on the burning surface was found to be regquired

5 for photomdcrography with iow speed, high resolution films. At
a typical high intensity light source color temperature of 6500°K',
this flux might result in radiant energy absorption by the pro-
pellant surface (assuming a propellant surface emissivity ﬁear unity)
of approximately 0.02 cal./cmzjexposure. A simple criteriou for

; judging the effect of this flux on propellant combustion is its

quasi-steady effect on surface temperature. Roughly:

rt pcAT, = En (11-1)




where: r = propellant burning rate
p = propellant density
¢ = propellant fpecific heat
&g = quasi-steady change in propellant surface

temperature due to radiant erergy input
E = energy input/exposure

n = exposures/sec.

Considering the following typical values: -

r = 0.10 ca/sec.

p = 1.6 gm/cm3

¢ = 0.4 cal/gm-'C

E = 0.02 cal/gmz/expOSUre

then, from equation (II-1)
. . (o]
n= 3.2 [sz (CES in K.)
This indicates that for negligible effects on combusticn, say:

AT % 100° K (high)

s
n must be limited to approximately 320 exposures/sec% Thus,
the application of high speed photography is limited by the maximum
number of frames which may be exposed before the necessarily

high artificial light flux seriously alters the combustion

process, mgpts limit may, of course, bs extended by use of

lit is interesting that 320 expoiures/second wonld result (with
‘an incident flux of _0.02 cal,/cm® exposure) in a time-averaged
flux of 6.4 cal,/cm“/second. This flu~ is of thr same order as
those steady radiant fluxes observed by Levy and Friedman (22) to
affect appreciably the deflasration of pure ummonium perchlorate.
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higher speed film and/or iower magnifications, but only at the
expense of considerably decreased resolving power.
4. Procedure

a. Strand Preparation

After assembly of the experimental apparatus described
above was completed, test photographs of non-burning, cut-surface
propellant samples located in the optical strand burner were made
using films of different speeds (and resolution)1 and varying the
optical system effective f-stop (aperture). The results of these
xests indicated that the best combination of resolution and depth
6f field for 35 mm. photography with the illumination available
were obtained with Eastmar Kodak Plug=X ﬁ;lm (developed, as recom~

mended by the manufacturer, in Kodak Microdoi-X developer) and

i

an effective f-stop of 176 (nominal f/22 at 7X magnification),
This combination was quite successfully used for all succeeding
high resolution photographs of burning strands.

In oréer to assure an oblique photomacroscopic view of
the prupellart burning surface while retaining a distortion-
minimizing optical line-of-sight (as discussed on page 14 above),
propellzi. strands were ignited and allowed to burn on a bevell~d
surface as shown in Figure 5. To accomplish this, 1/4" square
strands of about 4" length were cut with a bevel (approximately

450) on one end and a length of Niclirome igniter wire was cemented

1Eastman Kodak Panatomic X, Plus~X, and Tri-X; Adox KB-14 and KB-16,
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to this surface using several coats of butyl acrylate ‘'dope".

The propellant strands were restricted from burning down
the strand sides by leaching the ammonium perchlorate from the
exposed strand sides before cutting the bevel on one end of the
strand, A short cold water rinse was used to ileach the strands,
and excess moisture was eliminated after the leaching process by
blotting of the strand sides and drying in air for a few minutes.

b. Flash Synchronization

In order to photograph strands b.rning at high rates (at
elevated pressures), it was necessary to synchronize the camera shutter
and light source flash with the passage of the propellant surface
tﬁrough the photographic field of view., A photoeiectric trigger
device was developed to sense the flame luminosity as the burning
surface passed the field of view, Its arrangement was as is shown
in Figures 5 and 6., A schematic of the trigger circuitry used is
shown in Figure 7. As the burning surface regressed during com-
bustion, it was imaged by the sensor assembly cutics at about 5X
magnification on a plane at which was mounted a small semoconductive
photo-resistor as approximately 2 mm, in diameter which, in the 5X -
magnified burning strand image plane, corresponded to only about
400 microns motion of the burning surface. Thus, this trigger
device was capable of suitable reproducibility in triggering oi the
optical system shutter. Trigger sensitivity was adjustable to

insure that stray light during burning did not trip the shutter
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before the burning surface actually entered the field of view of the
photo-resistor. Sensitivity adjustment also allowed compensatiocn
for variations in level of this stray light from propellant to
propellant and in flame luminosity as pressure was varied.

For most photographic runs, the voltage drop across the
photu-resistor was monitored by Polaroid photographs of an oscil-
loscope tréce. This assured that triggering was occurring properly
and that the luminosity profile thus recorded appeared to be

normal,

c. Firing Procedure

To obtain burning surface photomacrographs the following
procedure was used.

A prepared strand with igniter on its bevelled end was
placed in the optical strand burncr strand holder as shown in

Figure 4 , Continuity of the igniter leads was checked before

the burner was clused., Alsc, before burner closing, the strand

sidebfécing the photomacroscupic camera was focussed on either a
ground glass screen (when Polaroid or 4" x 5" gut film was being
used) or in the view finder of a 35 mm, éingle lens reflex camera
body adapted to the photomacroscopic camera body (when 35 mm.
frames were to be taken).. The optical strand burner, being located

on a table equipped with horizontal micrometer screw adjustment, was

4 o r——
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then moved about 1/16" so that a portion of the propellant burﬁ;ﬁg

surface interior to the strand side originally focussed upon would -
be in focus. The burner was then clesed, nitrogen flow staxted,

and the shutter on the [hotoelecuric trigge: .onitor ~scillcysope

camera was opened. After about one minute, igniti{ : was accomplish-

ed, The photoelectric trigger circuit w  manuallv .ae.gized very

shortly after ignition was visually apparen+ through Ul.c upr.c.i

strand burner windows. After the photoelectric ivigger f..ed the

photomacroscopic camera shutter and flash lamp, the trig. er i..uit

was immediately de-energized by interrupting the plate circuit of

its thyratron (see Figure 7), and the shutter on the trigger .
monitor oscilloscope was closed., The propellant strand was allowed

to burn out before the nitrogen purge flow was shut off. The burner

was then opened, chimney windows were removed and cleaned, and

another strand was loaded,

d. Interference by Carbon Continuum Radiation

A major problem was encountered in attempts at burning
surface photography, i.e., masking of the burning surface by strong
carbon contihuum radiation from thermally-emitting carbon particles
in the gas phase above the surface, 1In photographs of a PBAA-
ammonium perchlorate propellant burnin; at low pressures (up to
about 100 psig.), the surface was obseirvable through the flame
lumincsity. Figure 8 shows this PBAA ammonium perchlorate propel-
lant maru.3g at 250 psig. and photographed under the same exposure

condirions as those which had allowed a view of the surface during

v ik e B
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at 100 psig. This increase in flame luminosity and consequent
increased masking of the burring surface with increasing pressure
was particularly evident with PBAA propellants.

The observed increase in flame luminosity with increasing
pressure was paralleled by an increase in soot deposits on the
strand burner interior after each run. As pressure was increased
during a series of runs, the luminosity appeared first in the photographs
88 streams or jets emanating from vari,us locations over the entire
burning surface. This indicated that the emission was not a result
of flame quenching by the relatively cold nitrogen purge gas stream
at the burning strand edges. Substitution of air as a purge gas
appeared to reduce this luminosity only negligibly. Attempts to
alleviate the luminosity problem by changing oxidizer mass concen-
tration and mrticle size (and distribvtion) also failed to yield
ma jor decreases in flame luminosity although increasing oxidizer-

fuel ratio did result in a slight decrease in luminosity.

VY

The use of a fuel binder yielding higher propellant flame f
temperature rcsulted in a significant reduction in carbon continuum

radiation's interference with surface photography. While PBAA and

polyester-polystyrene fuels gave evidence of considerable carbon
radiation at combustion pressures above 100 psig., a . lysulfide
propellant allowed views of the burning surface at pressures up to
about 500 psig. A photograph of a lftand of a polysulfide-ammonium

perchlorate propellant burning at 300 psig. is shown in Figure 9 ,

Supar T e
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where it may be compared with a similar photograph (same exposure
conditions) for che previously-mentioned PBAA propellant, Because
of the wider pressure range observable with the polysulfide binder,
it was selected for immediate study, and nearly all the observa-
tions reported in this study are derived from experiments with

polysulfide-ammonium perchlorate propellant.
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C. Results and Discussion

Single~-frame photographs of burning propellant surfaces
were obtained in black-and-white for a polysulfide-ammonium
petchlorate1 propellant with bimodal oxidizer distributiva (sce
Table 1 tor compositional details). Figures 11 and 12 show detailed,
enlarged views of the surface reproduced here after enlargement to
49X from 35 mm. frames taken at 7X magnification.

The following obs~rvations regarding the burning surface
are based on a limited wuuber of photographs but serve to point out
the detailed observations chat can be made utilizing the technigue
descr. bed.

1. The surf..¢ 18 very heterogercous, this heterogeneity

voimg o two scales preSumablyAdue to the bimodal

l‘
oxi1dizer dis: ribution present.

F]
.

A rey targe cnidizer particles are appafently iying
vather free oa the burning surface. Even fever appear
Ly Ne oresent v .ng burning at higher pressures (sa
200 o 330 p.lg @ *han at lower (near atmospheri.)

pressures. 11 almost all cases, a "haze" iz apparent

l. Several low -resolwtiur paotographs of a potassium perchlorate-
polysulfide oroveliant were m le in addition, but this propellant
was not observe: im decail. 1- 1is noteworthy, however, that photo-
graphs of this propel..nt indicated the presence of liquid globules
(of approximately 3W  diameter) much larger than the potassium
perchlorate i-self, 1\ pmorograph of such a propellants burning
surface yves obtained and (i w.s appareut both that liquid
phases can be identified from single frame photographs and that
agglomeration may ne stud.eu bv the burning surface photography
technique.
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in the vicinity of each large particle. This "haze"

is not self-luminous., This fact was established by
photographing surfaces under the same combustion
conditions but withcut auxiliary illumination. All

such photographs showed little or no image of such

haze, indicating that such images in photographs with
auxiliary light were caused by reflected not emitted
light.

A large-scale crater-like surface structure is apparent.
Small or intermediate bright centers (apparently within
the crater depression) are usually observable along with
such individual craters, Within some craters, there is

no evidence of bright areas whatscever. Where present,
these local bright areas are in some cases fairﬂ? distinct,
while in others, they are indistinct, and a haz; like that
reported above is appavent.

The hazy, cloud-like appearance mentioned above is cbserved
to Yo considerably less predominant at higher pressures,
It {s considerably less apparent at 100 psig (Figure 12)
than at 20 psig (Figure 11). However, the phenomenon
appears to be observable up to 500 pasig (above which ne

photographs were taken).




5. At low . ...re, some free-lying perchlorate crystals
show bright spots within an overall haze closely hugging

the crystal.

6. Fine-scale particle structure is apparent between craters.
It is presumably due to small perchlorate crystals lying

partly or fully exposed, but whether the small crystals are

accompanied by a small scale equivalent of the large

i
3
5
1
3

particle craters discussed above is not clear.

On the basis of these observations, it appears that several diferent
modes of surface structure are present in the combustion of polysulfide-
bimodal ammonium perchlorate propellants burning at pressures between atmo-
spheric and 500 psig.

First, some large oxidizer particles appear essentially free
on the surface. These have also appeared on early photographs 6? propellants
with other binders. Their presence would see; to be due to fuel pyrolysis
at such a rate as to leave large crystals without surrounding binder. If such
is the cese, it is quite reasonable that, under the action ot gravity,
tnese free crystals uill "ride"” the surface during i® regression uatil
finally they are completely consumed. This phenomenon has been observed
by other workers (16) .

Second, a number of equally large oxtdiafr particles appear to

pyrolize faster than the fuel binder leaving craters in the surrounding

fuel-fine particle oxidizer matrix. It is supposed that rhe bright spots

i
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appearing in these craters are partially-pyrolized perchlorate crystals
and that their variation in size may be accounted for by variations in
the extent of pyroly-is of the individual crystals in different craters.
This suggests that the observations »f Bastres: >n the surface
structures oi extinguished polysulfide-bimodal ammonium perchlorate
propellant probably do not c-aracterize the propellant surface during
combustion, Specifically, unless the higher fuel concentration and
slightly different bimodal oxidizer particle size distribution of Bastress'
propellants promote gross changes in burning surface structure, it can
only be assumed that the propellzit surface changes during the extinguish-
ment process. Further, if this is the case, onc is led to question fhe
value oi other workers' observations on surface structure of extir :ished
propellant samples (40).

Small particles, though indistinct in the present photographs,

indicate less evident crater-like surroundings This is reasonable

fogin St

considering size influences only, and it is not yet clear to what extent

stan M Tty

small particles may pyrolize in a different local environment than the

larger crystals, Thus, it is particularly evident from the phctographs

Bales T3

that, at least in the case of large oxidizer particles, a3 time-unsteadiness

of "surface" regression occurs. The extent to which this must be accounted

v

for in burning wechanisa theory is not clear a priori and warrsnts turcher

investigation,
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The haze observed to surround a number of large perchlorate
srystals is difficult to interpret but is likely to bear on the chemistry
of oxidizer pyrolysis at the surface and may be characteristic of polysulfide
binder only, The cloud-like appearance is not likely to be due to carbon
particles formed as intermediate products in the flame. Observation
of the haze by reflected light implies a high reflectivity (low emissivity)
for ic, whereas carbon particles would be expacted to exhibit low
reflectivities. Color photographs have shown this haze to be white or
colorless,

Operating experience with the optical strand burner in which
these propellants were burned indicated that a fine white smoke deposit
remains after firing of the propellants. More smoke is deposited on the
burner interior surfaces at low pressures (near atmospheric) than at higher
pressures (say, 300 psig.). Although, due to changing purge flow conditions
inside the burner (with changing burner pressure), this increased deposition
does not necessarily evidence increased production of this smoke at Jow
pressures, the increased deposition., in paralleling photographic observa-
tion of haze near the surface, may be significant, Deposits on the
burner interior surfaces after firing of these propellants have not
been chemiczlly-analyzed but solutions of similar smoke deposits (resulting
from sub-atmospheric combustion of both PBAA and polysulfide propellants)
have been made and tested for ammonium and chlorideions with positive

results in each case, Thus, it appears that the smoke deposits are at least
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partially ammonium chloride. Ammonium chloride smoke might quite
reasonably be expected to be formed during strand burning in a relatively .
cold nitrogen environment. Cold surroundings introduce the possibility
of quenching of intermediate combustion species at the strand edges.
Since flame zone dimensions are expected to decrease with increasing
pressure, the admixing effect involved in quenching may be expected to
be less at highev pressures, thereby explaining the decreased deposi-
tion of smoke on strand burner interior walls at hi_her combustion pressures.
The formation of amuonium chloride can easily be explained chemically by
considering the chemistry of the combustion situatio: . Ammonium perchlorate
decomposition involves the release of ammonia molecules into the gas .
phase (49 ), and HCl is a known product of ammonium perchlorate-oxidized
solid propcllant combustion. The spatial coexistence of these two
species in the propellant flame zone is, theretore, virtually certain, and
edge-cffect quenching of the two is likely to rusi-: in ammonium chloride
precipitation.

The simultaneous formation of white smoke thought to be ammonium
chloride and a white '"hnze" appareat in burning surface photographs raises
the question of whether the haze or "cloude™ might not also be ammonium
chloride formed as a product or intermediate in the am.onium perchloratc

pyvolysis or in the fuel-oxidizer redox reaction, FEvurtual disappearance

of the smoke in the convective field immediately a: ¢ ihe propellant
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surface (resulting in cloud-like formations rather than streams of

saoke) is attributable either ;o convective and/or diffusive dispersion

or to thermal decomposition (or sublimation) in the higher temperature
regions of the flame zone. It appears unlikely, however, that this near-
surface haze is ammonium chloride. The low sublimation temperature of
ammonium chloride \,3500. at 1 atm.) (39) makes it 4iffic§1t to rationalize
the formation or the presence of condensed ammonium ch}oride within a

gas phase which is probably over 500°c. (composite solid propellant surface
temperature measurements are typically near or above this témperature (62)).
The fact that these clouds were not observed in preliminary photographs

of propellants with fuels other than polysulfide while white strand burner
depos. ions have been observed at sub-atmospheric pressures with various
“fuels further sugpests that the smoke deposited on strand burner interiors
and the near-surface clouds need not be of the same composition, Polysulfide
AP propellant combustion at low pressures already appearsgto be somewhat
unusual in the light of recent experiments at this labora;ory involving
"flame-less" combustion at subatmospheric pressures (48). It 1is therefore
quite possible that the white smoke clouds observed in photographs of

the burning surface of polysulfide propellant are similarly unique, but
further elucidation of the nature of these clouds is not offered at

this time.

Considering the possible importance of the white haze or clouds

near the burning surface at low combustion pressures with polysulfide
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propellant, it would appear that low pressure combustion may represent

a chemically different burning mechanism regime than that of higher pressures.
This is particularly possible in the light of so-called "flame-less
combustion" mentioned in the discussion above. It is recommended that a
useful first step toward further understanding of this possibility could

be made by more careful chemical analysis and investigation both of the

white smoke formed during strand burning experiments and of the gaseous
products of combustion formed during low pressure burning. This should

be carried out with respect for the fact that the observed smoke may be

solid ammonium chloride, condensed ammonium perchlorate following sublimation ,
or a mixture of the two. The possibility of its being, at least in part,
condensed ammonium perchlorate is particularly interesting with respect

to the combustion mechanism implications of such a vapor pressure-controlled

sublimation-recondensation process,

C. Conclusions and Recommendations

It must be concluded on the basis of the results presented above
that the technique described herein for burning surface photography has
demonstrated considerable promise for elucidating the nature of the solid
propellant burning surface and its place in overall mechanism of solid
propellant combustion. Several interesting burning surface observations

have been made, and there is every reason to believe that extension of

these observations to different fuel-oxidizer combinations and to
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sdditive-containing propellants can yield other valuable insights into
agglomeration, liquid phase effects, etc., on the burning surface., The
technique has been proven and tried, and a logical recomm-ndation is
that it be used to extend observations into new, intereeting areas.

A notewortiiy extension of the work reported here would be the
development of a light source appropriate to sequential, multi-frame
photography of the burning surface, Although single frame photography,
such as that dealt with hérg is valuable, the dynamics of mecal agglomeration
and oxidizer particle pyroiysis, for example, can really only be studied
photographically by successive time-resolving photographs of a given
area on the propellant surface, It is quite likely that a light source
suited to this purpose can be developed reasonably economically, and
this would allow worthwhile extension of the gbove proven feasibility
of high resolution burning surface observations in a normal combusticn
situation,

It further appears promising to extend photographic surface
observations to "artificial" systems as well as practical propellants,
Investigation of systems of the sort utilized by McAlevy (41) (which
employ, for example, burning packed beds of fuel or oxidizer particles
with oxidizer or fuel gas, respectively, passed through them) may
provide valuable insights into solid fuel and oxidizer pyrolysis

processes.

I SR WL i A € i -




CHAPTER III

COMPOSITE SOLID PROPELLANT BURNING STUDIES

AT LOW PRESSURES

A. Background

Solid propellant burning rate and combustion mechanism
studies at low pressures (near and below atmospheric) are of interest

for several reasons.

Low pressure combustion is a major interest with respect to
mass diffusion processes which result from composite propellant heterdgeneity
in the solid phase; Earlier in this study the extent to which current
burning rate theories call upon mass diffusion concepts and formulatiomns
was pointed out. Diffusion flame concepts depend on the assumption
that chemical kinetic reaction rates are so fast that the supply of
reactants to the flame reaction zone limits the overall rate of reaction
and heat release. It has already been pointed out that all current
theories of composite propellant combustion involve such diffusion
controlled (or at least diffusion influenced) combustion regimes. Since,
in general, mass diffusion processes occur faster ar lower pressures
while chemical reactions occur more slowly, it is clear that low combustion
pressures constitute approach to a limiting combustion regime. Hence,

a reasonable approach to testing the validity of postulated diffusive
combustion mechanism concepts is to study propellant combustion &t such

low pressures as can be attained without exceeding the typical low pressure

deflagration limits of solid propellants. This procedure should allow
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extension or modification of previous experimental observations and
theoretical formulations related to particle size effects on composite
propellant burning rate.

Low pressure solid propellant combustion is also of interest
for amocher import.nt reason Since chemical reactions are generally
slower at lower pressures, it is common for the time and distance scale
of ¢ flame zone co increase wfth decreasing pressure. This expectation
is borne out by flame zone obscrvations over pressure ranges above
atmospheric pressure (see, for vxample, reference(l9)). Thus, flame
zone structure studies by photographic, spectroscopic, and thermometric
methods are facilitated by low combustion pressures, Low combustion
pressure studies of flame zones must, however, be made with cognizance
that controlling chemical kinetic reaction steps and product gas cun-
positions mey change with pressure. This possibility has been established
for example, in ammonium perchlorate decomposition and deflagration
studies (18). Thus, although flame structure studies are experimentally
convenient at low pressures, care must be taken in attempting to
extrapolate experimental observations to higher pressures.

Another reason for interest in low pressure solid propellant
combustion studies is the so-called "low pressure deflagration limit",
Typically, deflagration of solid propellants cannot be effected at

arbitrarily low pressures. Each propellant appears to have a limiting




low pressure at which combustion ceases, This pressure has been

termed the "low pressure deflagration limit and has been investigated
theoretically (20) (21) and experimentally (11){14)(22) for propellant
systems, To date, however, the physical and/or chemical causes of the

limit are uncertain, It is obvious that "low pressure" in the deflagration-
limit sense need not imply sSub- or even near atmospheric pressures since
some propellants reportedly experience a low pressure limit at rather

high absolute pressures (e.g., 22 atm. for pure ammonium perchlorate)

(22). Many practical propellants do, however, exhibit such a limit

near or below atmospheric pressure. As with other "abnormal' combustion
situations, propellant combustion near this deflagration limit is of
interest not only in itself but also for the insights it may provide into

the mechanism of more '"mormal" combustion at higher pressures.

B. Previous Subatmospheric Composite Propellant
Combustion Studies

Few experimental subatmospheric composite propellant comr
bustion studies have been carried out. Of these only the work of
Webb (23), silla (24), Powling and Smith (25), and Barrere and Nadaud
(46) appear in the unclassified literature. A summary of the burning
rate data from these sources is shown in Figure 13,

The results of Webb show burning rates for strands of

207% polyester-polystyrene - 807 ammonium perchlorate propellants
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with two, broad, unimodal oxidizer particle size distributions;
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one, coarse (approx. 120 micron mean particle size) and one, fine
(approx. 16 micron mean particle size). Webb's results extend down-
ward in pressure to 6.5 psia and are from experiments carried out

in a stagnant nitrogen environment.
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Silla's results are for strands of a propellant of the
same fuel and the same fuel-oxidizer mass ratio as Webb's bhut with a
bimodal oxidizer particle size distribution of unreported particle
size., Burning rates were measured by Silla between 2.5 psia and atmospheric
pressure in what apparently was a near-stagnant environmenct with a
pressure controlling bleed and a small vacuum pump connected to

- the vacaum burner.

Powling and Smith report data for burning rates of pressed
pellets containing 10% paraformaldehyde-907 ammonium perchlorate
between approximately 2 psia aud atmospheric pressure.

Barrere and Nadaud's results are for two unidentified
propellants; one, metallized and one, ummetallized; with unspecified

sample dimensions and test configuration,

- C. Previous Studies Of Particle Size Effects In Composite

Solid Propellant Combustion At Low Pressures

Before 1961 little comprehensive experimental research on
oxidizer particle size effccts in composite solid propellant was

reported. In both the classified and the unclassified literature, the
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particle size effects reported deal largely with variation of coarse
and fine oxidizer proportions in the widely-used bimodal oxidizer
blends, e.g. (26). 1In the few instances where propellants contain-
ing unimodal oxidizer distributions were studied,oxidizer was used
(as ground) in very widely-distributed unimodal samples (4)(23)(26).
Particle sizes were rarely measured and carefully recorded in such
studies,

The work of Basrress (9) in 1961 probably represeats the
first systematic and comprehensive investigation of particle size
effects in composite propellant combustion, Bastress investigated
burning rates with both propellant strands and roucket motors. He
also observed the surfaces of strands extinguished by sudden depressuriza-
tion. The propellants used featured several different fuels, narrow-
and broad-cut unimodal oxidizer fractions between 9 and 265 microns
mean particle size as well as some bimodal oxidizer fractions, varying
oxidizer loadings, and varying degrees of fuel polymerization.

Most of Bastress' investigations were performed with
a 35% polysulfide - 65% ammonium perchlorate propellant containing
narrow, unimodal oxidizer cuts, The results of burning rate measurements
on these propellants burning at pressure between 15 and 1800 psia.
(as well as some observations on extinguished propellant surfaces)
led Bastress to delincate several different combustion regimes determined
by combustion pressure and mean oxidizer particle size, These regimes
as postulated by Bastress are shown in figure 14. Some of his burning

rate curves are shown in figure 15 with a cross-plot in Figure 16,

|
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A similar cross plot is shown in Figure 17.

Bastress discussed his observed particle size effects 1
at the lower pressures of his experimental range largely with
reference to the 'granular diffusion flame" theory of Summerfield (4).
The burning rate data Bastress reports for polysulfide-ammonium
perchlorate propellants were analyzed with respect to the Summerfield

burning rate expression:

P 2
T " 8 +bEy (111-1)

Values of the parameter "b'" (which is experted to vary with
oxidizer particle size) are presented by Bastress as varying with the
mass mean particle size as shown in Figure 18. These values of the parameter

were obtained from a plot of p/r vs, p2/3

as shown in Figure 19.

As has been pointed out previously (6), Equation C?II-g
in practice a correlation equation based on similarity concepts. The
"chemical kinetic" parameter "a" and the "diffusional" parameter "'b"
in Equation III-1 may be derived in terms of the pertinent variables of
the combustion situation. Analytical expressions for these parameters

at best, however, contain factors involving currently unknown propellant

chemical kinetic effects and the unknown mass of gas phase oxidizer or

fuel "pockets" ("granules") caused by solid phase heterogeneity, It

ic not surprising, therefore, that numerical values of the parameter
"b'" (which derives from mass diffusion effects dependent on the scale
of the solid phase heterogeneity) have not been completely reconcilable

*
with numerical value estimated from analytical expressions for "b"

% This point has been discussed at some length but with inconcliusive
results (27).




Numerical estimates of "b'require assumption of the relation between

oxidizer particle size and the scale of gas phase heterogeneity, a
relation which is not at all clear either 2 priori or even g posteriori.
This difficulty 1in actually predicting the values of parameters "a"
and "b" does not, however, constitute a decrease in the usefulness
of Equation I1I-1 as a correlative tool. It does make clear, however,
that other means must be sought to check the validity of the similarity
concepts employed in derivimg it.

As Bastress comments, the values of "b" he obtained were
for different pressure regions for each of the different oxidizer particle
sizes (as indicated on Figure 19), i.e., from about 15 to 50 psia.

for the largest particles size to about 50 to 20C psia. for the smallest

particle size. These pressure regions and particle sizes correspond»
to those indicated as bastress' combustion regime map (Figure 14).
1f particles size effects are primarily due to mass
diffusion phenomena, they should disappear or at least tend to decrease
stronglv as combustion pressure is decreased. In this light, there
are two aspects of Bastress' data to be considered: the first, qualitative,
and the second, quantitstive.
First, as is apparent from Figure 16, at pressures less
than about 200 psis, and for particle sizes under 20 tc 60 microns,
the burning rate of pulysulf.de-ammonium perchlorate propellant is

apparently lnsensitive to oxidizer particle size. The situation

is somewhat less clear regarding polyester-polystyrene propellants




(see Figure 17). Nonetheless, a measure of qualitative substantiation of

postulated mass diffusion-controlled particle size effects can be
considered to be established by this trend toward insensitivity to
particle size. The extent of verification of the postulated mechanism
remains, however, somewhat uncertain especially due to a lesser observed
trend with the second fuel type and due to scatter in the data
(both random and systematic) for the first fuel type,

It might further be expected qualitatively that increases
in propellant combustion pressure should lcad to increased particle
size dependency if mass diffusion is the phenomenon involved in
particle size eftects. That is, increascd combustion pressure should

first, render small particlies of effect similar to larger particles

at lower pressures and second, render the heterogencity resulting

from smaller and smaller particles more and more influeniial when
superimposed on the typically taster reaction kinetics of higber
pressures. Qualitatively, this trend is obscrvable but not strongly so
in the data of Figure 1b where only mild increases in slope occur

at o~ xiven particle size with pressure increaves of more than an

order of magnitude. Contrary toe tue previouslyv-discussed comparative
trends toward insensitivity at smal, particle sizes with Bistress’

two c-opellant fuel types,morce pressure #fff&l on particle 8iz

influences is evident in the pulvester-polystyrene data ot Figure

17 than in the data of Figure if.




This difference {n trends may, however, he attributed to different

regime boundary values of pressure and particle size for the two
propellants with different fuel binders, Hence, the different com-
parative trends are probably not of profound importance regarding the
mechanism of particle size effects. Qualitatively, therefore, there is
some measure of verification of the importance of mass diffusion concepts
in compositec propellant particle size-burning rate relationships, It

is questioni.le, however, whether such qualitative support is either
useful or conclusive with respect ¢o & mechanistic description, Thus,

it is valuable to consider a second aspect of Bastress' data,

To look further into mass diffusion cencepts of particle size
influences than simply at trends toward insensitivity of burning rate to
particle size at low pressures and increasing sensitivity with increasing
pressure requires either consideration of a specific, detailed model
or diagnostic data from special burning situations¥*, At present, only
one moderately successful burning rate vs. pressure vs., particle size
model of composite =olid propellant combustion exists, i.e., that of
the "granular diffusion flame' mentioned above., It is instructive,
therefore, to look further into particle size effects on burning rate

by specific reference to this model.

*, i,e., attempts to test the effects of other variables than particle
size which are known to influence mass diffusion retes, e.g., the
molecular weights of fuel pyrolysis products, the mean temperature
in the gas phase, etc, Unfortunately, it i8 not Lnown to what extent
attempts to make such tests would evidence effects other than that
due to altered mass diffusion alone,
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The detail of the "granular diffusion flame' model of
composite propellant combustion allows 8 look beyond qualitative
trends and toward quautitative consideration of particle size effects,
It is at this point, however, that Baotress' data became difficult to
invoke as arguments for mass diffusion - controlled particle size
effects, To be sure, qualitatively, the data of figure 16 are
consistent with the prediction of the "granular diffusion flame"
model, in that burning rates appear to hecome insensitive to particie
size at low pressure, However, one may look, by use of this particujar
model, at the regime just bhefore particle size effects appear to
vanish and one may test whether they disappear "fast enough' to be
compatible with the model, For this purpose, reference to the P/r

P2/3

vs, plots of Figure 19 is useful, These curves show that, as
combustion pressure is decreascd, particle size effects remain in
effect to appreciably lower pressures than would be expected on the
basis of "granular diffusion flame" model, The curves for different
particle sizes, rather than even continuing to converge at the same
rate in the "premixed flame' regime as in the "granular diffusion
flame" regime, actually appear to tend away from convergence and merge
less quickly with decreasing pressure, Thus, in terms of the "granular
diffusion flsme" theory, Bastress' results not only fail to confirm
a predicted trent but, in fact, appear contradictory to it,

In summary, then, it must be said that while Basgtress'
results lend some qualitative support to mass diffusion phenomena as
a basis for particle size effects in composite solid propellent combustion,

within the realm of the most successful, current mechanistic model,

they do not do so quantitatively,
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Other studies of oxidizer particle size influences on
composite solid propellant burning rate are those of Sutherland (27),
Taback (26), and Webb (23) (all summarized in Reference (4)) as well
as those by Adams, et. al. (28). 1In all of these studies oxidizer particle
size distributions either were broad, unimodal or bimodal ones, or were
not varied over a large particle size range. Thus, these additional
results must be also termed inconclusive with respect to particle size
effects on compustion mectanism, Notonly is there little in any of
the results to support concretely any of the current burning theories"
concepts of the influence of oxidizer particle size via mass diffusion
effects, but similar te the results of Bastress, these results hold . ;
up sc e indication that such concepts may, in fact, not apply as explanations
of particle size effects in composite solid combustion,
With regard to the preceding comments on experimental observa-
tions pf particle size effects and particularly in the light of those
N commentsg on the‘results of Bastress, it appeared quite valuable to extend
particle size effect observations to lower pressures. Considering
the extensive experimental program of Bastress, it was thought ressonsble
to begin this extension by means of subatmospheric combustion pressure
experiments with propellants of the same formulations as those of
Bastress, The remainder of this chapter describes the development

of an experimental program for this purpose and some of its results,
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D. Exp..imentsl Program

1. Scope of Work
An experimental program for in. .stigating the sub-
atmospheric pressure combustion of composite solid propellants
was undertaken, prompted by the observations of the preceding
discussion. The following portion of this chapter reports on
the development of a suitable apparatus for sub-atmospheric pressure
burning rate aecerminations and on the results and observations
obtained from it, Experimental experiences are reported which
suggest modifications of the apparatus o allow complementary
spectroscopic and photographic observations.
2. Apperatus
2. Subatmospheric Pressure Strard Burner
It was recognized at the outset of this program that
an experimental item of primary interest would be sub-atmospheric

presaure burning rate data.

A common approach to propellant burning rate determination
is that of burning small strands of propellant, cigarette-fashion,
{n a stagnant-atmosphere, large volume chamber or in a chimney-type
burner with inert gas purge flow coaxisl with the atrand, This
approach typically involves constant or near-constant chamber
pressure, and requires one firing for each puint of a burniny

rate-pressure curve,
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In the interest of simplicity and ease of operation and

data reduction over 8 large number of runs as well as

cost, such @ strand burner was chosen as an appropriate burning
rate measurement apparatus, Also bearing on the decision

was the matter of optical accessibility of the propellant
burning surface and flame zone for photographic, spectrographic,
and visual observation,

The choice between a stagnant atmosphere and a continuously-
purging strand burners was made in favor ot the essentially
stagnant environment design on the basis of ease of initiasl
set-up, The hope was that a stagnant propellant sample

environment would not greatly hinder either reproducible

‘burning or opticel accessibility. The burner as constructed

included provision for strand mounting, ignition, and
purging of the bhurner cavity of air and is shown in Figure 20.
A further provision beyond that expected was made in thet |
a small low-velocity purge flow of nitrogen cosxial with the
propellant axis was included for reasons discussed on page 58,

The original choice of an essentially stagnsnt environment
burner was made as & result of the vacuum pumping capacity
required of a purged burner sys.cmn., A ressonable approach
to determining required purge flow in past experiences with
chimney-type strand burners has been to attempt to match

the purge flow velocity to the strand-burning
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product ges velocity. Such matching has been found to minimize

the propellant sirand restriction required to keep the burning

surface from spreading down the strand sides and also to minimize
mixing of product gases with the cold gas environment near the

strand. This velocity can be shown to vary essentially as (pressure)l-n,
where "n" is the propellant burning rste pressure index. Calculations
indicate that this velocity may be on the order of 80 ft./sec. at
atmospheric pressure and require & vacuum pumping capacity of
approximately 100 std. ft.3/min. near atmospheric pressure for a
two-inch diameter burner chimney (though a smaller diameter chimney
might be feasible, it was that a decrease below a two-inch diameter
would introduce considerable risk of deposition on the burner

windows required for observation of t..: burning strands). An
investigation of water and steam ejector system with the desired
vacuum pumping capacities was made, and these alternatives were
discarded due to equipment cost and primary fluid mass flow re-
quirements, Positive displacement vacuum pumps were deemed impractical
for preliminary studies due to the complication irgroduced by the

high mass-flow product gas scrubbing required to eliminate the
possibility of pump damage by corrosive combustion products. On

this basis, thereforc, it was decided to assemble the essentially-

stagnant environment system as i{llustrated in Figure 20,
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A nitrogen supply system and vacuum draw-down
capability as shown schematically in Figure 21 were used
in conjunction with the strand burner itself. A surge tank
was provided to minimize pressure fluctuations during propellant
combustion, A small vacuum pump in the strand burner exhaust
line was provided to maintain constant combustion pressure by
exhausting the low-velocity purge flow and the combustion
products during strand burning. The purpose of the simple sodium
hydroxide pellet bed shown in the exhaust line (before the small
pump) is that of minimizing .corrosive vapors entering the
mechanical pump,

Strand ignition was allowed for by the inclusion\of
electrical lead-throughs at the strand burner base and was
provided by means of a Nichrome wire threaded through a hole
near the top of the strand. A 24 v.d.c. rectifier suppliéd
ignition power,

b, Instrumentation

A photographic system was used for measuring strand burning
rates and is shown schematically in Figure 22, The system
provided for burning rate measurement by photographically-
recording successive images of the burninyg propellant

strand at approximately 1.2 magnification with a scale grid1

and stopwatch face superimposed on each film frame. The

beam splitter used to accomplish this superposition

170 minimize the interference between the grid scale image
and the superimposed propellant sample image, a white-on-
black-background grid was used. This grid was made by reflex-
printing standard graph paper(ten-divisions-to-the-inch)onto
high-contrast photographic enlarging paper.
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of images was made by vacuum deposition of aluminum on

a 1/16" thick glass plate. A trial-and-error procednre
was used to determine the deposited film thickness whi:h
gave suitable density balance between flame and stop-watch
and scale-grid images on the filu.,

Use of a Beatty-Coleman date recording camera with fram-
ing rate capability as low as two frames per second allowed
simultaneous recording of burning surface position and time on
35 mm fiim, The framing rates actually used for data reccrding
provided about twenty successive exposures during rhe passage
of the burning surface through the camcra's field of
view (approximately one-and-one-tialf inches)., [his recerxrair,
technique provided monitoring of propellant burning and
checks on the steadiness of the burning surface regression
rate.

- The standard technique of burning rate determination
by measuring the time period Letween melting of two fusible
timing wires (of known separation along the strand axis)
was not used for burning rate determination because of
a reported tendency toward irregular fuse wire melting at
low combustion pressures (low burning rates) (44). A series
of typical burning rate record photographs of the type

described here is shown in Figure 23.
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c. Subatmospheric Strand Burner Operation

The propellants tested for sub-atmospheric
pressure burning rates included two 257 polybutadiene -
scrylic acid {PBAA) - 757, ammonium perchlorate¢ propellants
with narrow, unimodal oxidizer particle size distributiors.
Ammonium perchlorote of 13 micron and 188 micron mass mean
particle sizes was incorporated in these PBAA propellants.
Burning rates at sub-atmospheric pressures were also
determined for a 35% polysulfide (LP-3) - 657 ammonium
perchlorate propellant of 48 micron mass mean oxidizer
particle sizcl. All propellants used in these ciudies were
prepared in the Princeton University Aeronautical Engineer-
ing Department Solid Propellant Processing Laboratory and
were cast into blocks from which 1/4" squarc strands were
cut. Sides of the approximately 4'" long strands were in-
hibited (to prohibit flame spreading down the sides) by
dipping once in a 5% solution of VYLF vinyl resin in meth-
ylene chioride,

The stiond inhibaitior technique was determined
through a series of strand combustion teatz using both of
the PRAL propellants described and a number of different
inhibiters and inhibiter coating thicknesses, Inhibiter

coatings pencrally intevfere with both obscrvation of the

1Propellant formulation details appear in Table
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burning surface edge and with observation of the burning
surface itself. Hence, minimal inhibition was found to
be required. Simple leaching of ammonium perchlorate from
the propellant strand sides, however, was found to be
ineffective in eliminating flame spreading down the strand
sides. This Spreading was evidenced by the convex
conical burning surface observed without strand inhibition,.
Such conical burning surfaces were observed (though to a
lesser extent, even with inhibition in the cuse of the fine-
oxidizer PBAA propellant. 1t is for this reason that
provision was made in the strand burner for a relatively
slow nitrogen flow directed from the strand holder base
up @long the burning strand, This {low was tairly - .cess-
ful in eliminating conical burning surfaces with the fine-
oxidizer PBAA propellant,

Two check burning rate mcasurements vz .g the
coarse PBAA propeilant vere made; one with no r Lroven
flow and one with such nitrogen flow as could *: accomodated
by the small vacuum pump at 1/2 atmosphere chsmber pressyre,
Ccmparison of these 'wo rates showed them to be equal
within the experimental accuracy of the burr.ng rate
measurement technique. It was, ther by, iuiiged that this
small nitrogen flow probably did not afrcci burning rate

measunrement accuracy,
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3. Procedure

The general procedure for burning rate determination was
as follows: An inhibited strand of propellant of about 3-1/2"
length was drilled (No., 60 drill) across the strand width about
1/16" from one end of the strand and a Nichrome igniter wire of
about 10" length was inserted into this hole. Next, a 1/8'" mounting
hole was drilled on center at the other end cf the strand. The
strar.d was mounted on a mounting pin on the strand holder in the
burner chamber. The igniter wire ends were then connected to two
insulated pins provided on the strand holder base. Ignition
vircuit continuity was checked using a test lizht on the burner
control panel, and the bell cover was lowered over the burner base
(a thin coating of silicoue vacuum grease was always used on the
bottom edge of the bell cover and was clraned off and replaced
before each series of firings). Before evacuation of the chamber,
the propellant strand was checked to have its front surface in
focus by the recording camera by use of a ground glass camera slide
in the film plane. Illumination for focussing was provided by a
microscope illuminator lamp. Then, with the valve to the small
vacuum pump closed and with the air bleed and nitrogen bleed valves
closed, the large vacuum pump was used to evacuate the burner
system to less than 1.0" Hg. absolute pressure. Upon attainment
of this pressure or less, the large vacuum pump line was closed

off by means of the valve provided in it, and dry nitrogen was bled
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int> the system to a pressure of at least 1.0" Hg. below atmospheric,
The evacuation and nitrogen-filling processes were [hen repeated to
further purge the system of air until the system was at the desired
combustion pressure, At this time, the small vacuum pump was turned
on, its line valve was opened, and the nitrogen-purge bleed valve
was adjusted until (with the small vacuum pump drawing on the burner)
the desired combustion pressure (or vaery near it) was maintained.

At this point the camera timer and stopwatch were started,
and the lamps illuminating the stop watch and grid scales were turned
on., Before ignition of the strand, the firing number was recorded
by switching the recording camera on, letting it photograph several
£L¢mes‘with a run-number card placed immediately in front of the
stopwatch face, and then switching the camera off again.

Ignition of the strand was accomplished by passing a
current through the igniter wire. When the propellant burning sur-
face had regressed to a point slightly above the top of the recording
camera's field of view, the camera was switched on once again and
allowed to sequence photograph until the surface receded out of its
field of view. During this time interval, chamber pressure, as
indicated by a mercury U-tube manometer, was monitored visually,
and estimated average pressure and variations from. it during the
run were recorded. After %the strand had burned cﬁmpletely, the
nitrogen bleed valve wi~ closed, and the small vacuum pump was

allowed to operate until chamber pressure was again reduced to less
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than 1.0" Hg. absolute. When chamber pressure, reached 1.0" Hg.
absolute or less, the small vacuum pump was turned off and the air
bleed valve opened to return the burner system to atmespheric
p ssure for the loading of another strand for the next run,

Barometric pressure readings were taken at the beginning
and end of each day's tests or at least every two hours, whichever
period was shorter.

For one propellant - PBAA-AP (75%, 188 microns) - the
low pressure deflagration limit was determined. This determination
was easily effected by measuring burning rates at decreasing
pressures until combustion extinction appeared (visually) imminent,
A final test was then made without the previously-used nitrogen
flow around the strand but with the small vacuum pump still in
operation so as to decrease the chamber pressure slowly. The
deflagration limit reported was that chamber pressure observed at
the time of extincti on of the visible flame at the propellant
surface., No continued surface regression was apparent after that
time.

4, Measurement Errors and Data Reduction

Burning rates were determined using contact prints of
the film record of burning surface displacement vs, time, A typical
contact print sheet is shown in Figure 23, 1In this figure, the stop
watch and grid scale superimposed over the burning strand image are

apparent, Left-to-right reversal of the stop watch face is due to
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the optical system arrangement and did not interfere with time
determination. Divisions on the grid scale are 0,05" apart and

the usable strand image length can be seen to be slightly over 1.0",
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Since the grid scale and front surface of the strand
were located at equivalent focal planes (by means of the beam
splitter), regression distances of the strand on the film record
could be read directly from the grid scale image. These distances
were always measured in the axial direction at a station near the
midpoint of the strand. By this tecunique, it‘was estimated that
burning surface location was measured to the nearest 0,01" using a
hand magnifier. Thus, by using two frames showing a burning sur-
face displacement of approximately 1, the distance regressed could
be measured with a maximum error of about 2%.
; The stop-watch-indicated time corresponding to each frame
was also read directl; from the contact print of the film record.
Since the smallest stopwatch scale division was 0.1 second, the
sweep hand was almost always stationary during the 1/50 second
exposure time of the recording camera, and times from the two frames
- used for burning surface displacement measurement could be read to
the wearest 0.1 second. Therefore, a typical run at approximately
- one atmospheric combustion pressure (with a burning rate of about
0.06"/second) yielded a 1" displacement of the burning surface in
about 17 seconds, Hence, a maximum error in time interval of about

1,2% could be expected (with lesser percentage error - down to about
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0.2% - at lower pressures due to the lower burning rates and con-
sequently longer burning times).

Each burning rate film record was checked for obvious
abnormalties of burning surface orientation or shape by observation
of all intermediate frames exposed during the interval between
exposure of those frames actually used for burning rate determination,
Whenever such abnormalties occurred, they Qere noted., The constancy
of burning rate during the time interval involved was always checked
by separate burning rate calculation for the first and second halves
of the total interval, and in some cases by checks over additionail
time intervals, In almost all runs, results were found to‘be con-
sistent, and only a small percentage of the runs appeared to involve
abnormal combustion.

As has been noted by others, an appreciable source of
possible error in strand burning rate determination is that of
tilted burning surface (23). This is true, naturally, of both fuse-
wire-determinced burning rate measurements and photographically-
determined ones. An advantage, however, in photographic rate
determination techniques such as that employed in this study lies
in the possibility of partial correction for tilted burning surface
errors, The correction procedure employed when necessary in this
study was to measure burning surface inclination in each intermediate
frame of the photographic sequence, calculate the average cosine of

the burning surface angle, and correct the nominal burning rate
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(calculated by the normal method described above) by this factor.
Since it is apparent from the camera arrangement used that burning
surface tilt toward the ﬁide of the strand observed by the camera
may be difficult to detect due to flame luminosity and that tilt
away from that side cannot be detected at all (without the use of
another camera), it is obvicus that attempts at burning rate cor-
rection for surface inclination were not complete., Nonetheless, it
was felt that such partial correction as was possible conveniently
was worthwhile and on the average could be expected to correct
burning rates for up to half of the error possible without correction,
Through the appropriate geometrical arguments, this error (without
corrections) could be up to 3,47 for surface inclinations up to
15°. 1In most cases, observed inclinations were well below this
value,

As was mentioned earlier, chamber pressure and pressure
variations (if observed) were recorded during each run thus
facilitating estimates of possible error in pressure measurement.
For most runs, this variation was less than 1-1/27% even at the
lowest chamber pressures, and rarely was this variation greater
than 37%.. Observed short period fluctuations of pressure as well
as those too brief to allow manometer response (due to mercury
column friction and inertis) were considered to be negligible in
the light of averaging over the relatively long burning periods of

the runs, Negligible error in combustion pressure measurement was expected
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to be due to barometric pressure variations since careful readings
of high accuracy (to 0.001" Hg.) were recorded frequently using a .
vernier-scale, laboratory-type, mercury column mancmeter,

In summary, then, the tot.. error in burni..g rate determi- K
nation by the technique described could be expected to be less than
6-1/2% particularly at lower pressurés and aftér correction for
obserﬁedrburning sﬁrface inclination. Errors in recorded pressure
were estimated to be less than 1-1/2% (at low pressures)_and, in
general, were probably appreciable lower than this figure,

5. Results

The results of a number of subatmospheric burning rate
medsurements are shown in Figure 2/ along with corresponding rates
for higher pressures measured in a chimney-type strand burner¥,

The sub~ and super-atmospheric rate curves are seen to biend smoothly
indicating insensitivity of burning rates to the details of the burner
construction., Scatter of the data points is, in general, within

the 6-1/2% maximum estimated earlier in the preceding section.

The value of correction for burning surface inclination
as described in the last section can be seen in the results for the
PBAA~-ammonium perchlorate fine propellant., Tilt correction appears
to reduce scatter and to bring the subatmospheric results in line

with those from super-atmospheric pressure. Nonetheless, the

*
This burner had been widely used in the past, e.g., for Bastress'
work, with no reason to doubt its satisfactory operation.
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results for this particular propellant must be viewed cautiously
since burning surface inclination was frequently high (up to 300)
with almost all strandc¥?,

As indicated on the plot of the burning rate results
(Figure 24), the lower pressure deflagration limit was determined
for only one propellant.

A particularly notahle characteristic of all the runs
performed with both propellants was the production of appreciable
quantities of whitish smoke in the burner chamber and the deposit
of some of this smoke on the glass walls of the chamber, This
smoke was not so dense as to intcrfere seriously with photographic
burning rate determination, but it did cause attempts at surface
photography via external illumination to fail due to reflection
and scattering of the artificial illumiration. Similar deposits
during vacuum combustion were observed by Webb (23) and both white
deposits on a strand burner interior and white “clouds" in the
flame zone have been observed above atmospheric pressure during

other propellant combustion studies (see page 33 ),

**fhe direction of this tilt was observed to be quite random,
Several experiments involving addition of a 2-1/2" diameter hood

to the exhaust line over the strand, total elimination of the
exhaust line (inside the atrand burner cavity itself), attempts at
artificial inducement of tilt by leaving one strand side uninhibited
and unleached, use of 1/2" square strands instead of the usual 1/4"
square ones, etc, did not uncover the cause of this burning surface
inclination. It was finally thought that this effect must be due
to some characteristic of this particular propellsnt since equally-
fine oxidizer in polysulfide-fuelled propellant (with a lower fuel
concentration, however) only rarely burned with an inclined burning
surface.

g
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A solution of the deposit from the burner interior was
readily made in both distilled water and in a sodium hydroxide
solution. These solutions were then tested for the presence of
chloride jon (standard AgNO3 precipitation test) and for presence
of the ammonium ion (Nﬂacl smoke test with HC1l vapor and sodium
hydroxide solution of the deposit). Results were strongly positive
in each case, Further evidence for appreciable ammonium ion in
this smoke was observed in the strong odor of ammonia evident upon
opening ofrtﬁe sodium hydroxide pellet bed in the burner exhausi
line.

6. Discussion

The results of the burning rate measurements of this study
are not extensive enough to provide a basis for firm conclusions
regarding subatmospheric composite solid propellant combustion.

Use of the apparatus can easily be continued in order to produce
further data. Nonetheless, on the basis of current Jata and obser-
vations, a number of important observations and speculations can

be made.

From the burning rate results for both the PBAA and poly-
sulfide propellants tested, there is still no clearcut eviﬁence of
the rather fast convergence of burning rate curves for different
particle sizes which might be expected at low pressure in view of
mass diffusion theories on oxidizer particle size effects. This

point should be elucidated by more extensive testing of subatmospheric




pressure burning rates for particle-size-varied propellants. However,
it is notablc that a low pressure burning rate convergence dis-
crepancy (previously discussed with respect to the results of
bastress) is still apparcent in the lower pressure burning rates
recorded in this study. Thus, the validity of this discrepancy as
an objection to current concepts of mass diffusion effects in
composite propellant combustion is reinforced, and the mechanism of
particle size influence on solid propellant burning rate is still
an open question. Since the mechanism of particle size has n~t yet
been concretely related experimentally to mass diffusion in the
unmixed gas phase, it is worthwhile to conjecture as to possible
other causcs of burning rate dependence on oxidizer particle size
and distribution.

It is obvious that the presence of oxidizer as discretc
particks within the fuel matrix rcquires micruscopically -unsteady
burning and regression of the burning surface. Adams and other
workers at E,R.,D,E, in the United Kingdom (29) (32, have commentud
on this likelihood and also on the possibility that "“the assumption
of steady state flow, the attempt to make the problem one-dimensional,
and the averaging and arbitruary linking of procvesses over the burning
surface" may not be sufficiently realistic to allow a realistic
solution to the composite propecllant burning ratc problem., An

unsteady combustion process might well neccssitate a time-dependent

or time-lveragedl configuration for modelling and burning rate

"Time~-averaging" in this cas. must be done with the nature of the
unsteadiness inherently accounted for in order to introduce at least
its effects into a combustion mechanism formulation. 1t would not

be sufficient, therefore, to "time-average” phenomena in the scnse

of any current burning mechanism theory which presumes “quasi-steady"
burning or “effectively stcady-state" conditions.
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analysis, To date, however, no such analysis has been reported.
This absence is understandable, unfortunately, considering the com-
plexity of the burning propellant configuration, the uncertainty
of the existence of readily-modelled controlling processes, and the
lack of detailed knowledge of the individual propellant component
pyrolysis phenomena and their interplay. Certainly, a more complete
knowledge of the individual pryolysis processes involved would be
useful in attempting to eliminate these lacks. It is in this light
that previous work on pure and fuel-modified ammonium perchlorate
deflagration is worthwhile and continued efforts at further
elucidating the mechanism of the thermal decomposition of ammonium
perchlorate appear promising.

Another interesting prospect for at least rationalizing
a description of particle size influencrs in composite propellant
combustiou relates to observations of particle size effects in the
thermal decomposition of pure ammonium perchlorate (29)(30)(31).
It is quite possible that suggcestiomg of perchlorate decomposition
control over burning rate at high combustion pressures (eay, 1000
psia or more) apply also, at lea: in conjunction with oxidizar-
fuel reactiom, at lower pressures, Hence, it might be speculated
that an attempt to interject particle size dependence in a combustion
mechanism model might be successfully made by superimposing the
solid phase decomposition reaction rate relations of Mampel, for

example, (33), on a simple, unsteady model of successive pyrolysis
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of stacked oxidizer and fuel thicknesses, Such an attempt requires
first, preliminary theoretical studies of the likely trends of such
a model and second, if suitable trends exist , experimental study
of apparent particle size effects in oxidizer decomposition,

A further speculated origin of a particle size dependence
of burning rate lies in the area of heterogeneous reactions., Such
reactions have been postulated tc bear on propellant burning
mechanism (47) and probably warrant further development.

Aside from the gquestion of particle size effects, the results
of this study are interesting in another sense. From previous sub-
atmospheric burning rates recorded by Webb(23), Silla (24)., Powling
and Smith (25), and Barrcre and Nadaud (46), one observes that
burning rate data for polyester-polystyrenc and paraformaldehyde-
fueled propellants show burning rate pressure indexes very nearly
constant at a value of unity. The slopes for the PBAA and poly-
sulfide-fueled propellants of this study are, however, constant
or near-constant at about 0.7. Previous attempts at rationalizing
the relative magnitudes of such burning rate pressure indices have
been unsuccessful and no particularly useful speculation regarding
them can be added at this time., The influence of fuel binder type
may, however, be attributed to different pyrolysis rate tempcrature
dependencies for various binder types, differing fuel volatilities,
and differing fuel pyrolysis products though even qualitative

descriptions of such origins of binder type influences are
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essentially unsubstantiated, It is further suggested by the work of
Nachbar on pure ammonium perch lorate (21) that, near their low
pressure deflagration limits, solid propellant systems may exhibit
changing pressure indexes due to radiative heat loss. Hence, it

is possible that differences in index due tc fuel binder changes
might also result from consequent changes in burning surface
emissivity.

7. Conclusions and Recommendations

It may he concluded from the previous results and éiscussion
that a practical apparatus for determination of subatmospheric
burning rates and low pressure deflagration limits has been develop-
ed. It has been found that the use of this essentially stagnant-
environment Burner is unsatisfactory for photographic observation
of the burning surface (and probably for spectroscopic studies as
well), Therefore, extension of low pressure ohbservations beyond
the measurement of burning rates would require a new burner arrange-
ment. It appecars likely that the most promising new arrangement
would be one using a continuously-purged chimney-type burner
requiring a vacuum system and product gas scrubber of high mass
flow capability.

Ir Jight of the current results, it appear; that existent
theories of oxidizer partizle sizc effects on composite propellant
burning rate may not compictely explain all the observed phenomena,

but that further vacuum burning rate data would help to clarify
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this question considerably. The burning rate particle size dependence
results of this study as well as the previous results of Bastress
suggest that explanations other than current concepts of mass
diffusion might be worth considering in an attempt to explain

oxidizer particle size effects in composite propellant combustion.

In this light, it is recommended that simplified theoretical models

of unsteady, step-wise fuel and oxidizer pyrolysis be investigated

and that thermal decomposition be carried out with regard to particle

.-
-

size effects‘in pure ammonium perchlorate decomposition, Little
work of this sort has been done previously, and no previous attempt
;t comprehensive treatment of such particfe size effects has been
reported,

Since the measured low-pressure burning-rate pressure
indices of this study (for polysulfide and pelybutadiene-acrylic
acid fuels) are notably different than thrse observed at low
pressures with other fuels, it would appear valuable to extend low-
pressure burning rate studies to propellants using still different
fuel binders (e.g., polyurethane) and to attempt binder type-pressure
index correlations based on binder structure, Such extension might
give some insight into the chemical kinetic aspects of propeilant
fuels since chemical kinetic effects are expected to predominate at
low combustion pressures,

Considering the possible importance of the white smoke

|}
observed at low combustion pressures, it would appear that low

|
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pressure combustion may représent a different burning mechanism
regime than that of higher pressures. This is particularly‘possible
in the light of recent experiments at this laboratory invelving so-
called "flameless combustion" at subatmospheric pressures (48). It
is recommended that a useful first step toward further underst#nding
of this possibility could be made by more careful chemical analysis
and investigation of both the white smoke observed and the gasgeous
products of combustion formed during low pressure burning. This
should be carried out with respect for the fact that the observed
smoke may be solid ammonium chloride, condensed ammonium perchlorate
following sublimation, or a mixture of the two, The possibility of
its being, at least in part, condensed ammonium perchlorate is
particularly interesting with respect to the combustion mechanism
implications of such a vapor pressure-controlled sublimation-

reconde.asation process,
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APPENDIX A
I. Background
Analysis and specification of the so-called "resolving power"
of optical systems is at best imperfect and rather arbitrary., Traditionally,
the resolving power of optical system components, e.g., single or compound
lenses, films, etc,, has been specifieﬁ as the empirically-determined
ability of a component to image (or, to record, in photographic systems)

discrete lines of known spacing locateu at the conjugate of the optical

v system's focal ‘plane. Typically this specification is determined even

at present by photographing test charts containing groups of black lines
on white or gray backgrounds with each groﬁp having different line
spacings. Use of high resolution film allows lens resolving powe:s to
be determined as that line spacing (usually specified in lines per mm.)
vwhich is just distinguishable as individual lines by microdensitometer
measurements on a photographic negative. Similarly, use of high resolution
lenses has allowed determination of the resolving power of most films
in terms of resolved line spacings.l

Interest in lens resolution led to development of vériou. types
of lens and.ftln testing apparatus ind tecﬁntqueo recommended and used
by individual photographic and optical laborucories and also by the U,S.
Bureau of Standards (A-Z). No well-defined standard test configuration

has, however, been accepted as a standard for such resolutfion tests, The

e

A notable example, evidencing the difffculties of this procedure, {is
that of Kodak High Resolution Plate which has such high resolution that
currently only a lower iimit of its resolving power is quotable (A-1).
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result has been that many film manufacturers, camera makers, etc. have
specified resolving power of components in terms of the spaéing of lines
resolved but typically in diverse opti;al photographic situations., See
References (A-3), (A-4), and (A-5) for examples of test results and
specifications,

One of the reasons fer lack of a widely-accepted standard
resolution test is that the concept of specifying optical component
resolving power in terms of line spacing has long been'a sdbject of
controversy, It is clear that measured optical resolving power as em-
pirically-determined from images of spaced line groups is neither an
absolute measure nor an incontrovertible specification of the capability
of an optical system to provide "usable" image detail. The measured
resolving power of a lens has long been known to depend rather profoundly
upon position of the resolution line chart in the optical system field
of view, test chart contrast, lighting, line separation (at a given
spacing), test chart-to-lens distance, lens gperature, relative lens and
film resolving powers, film type and processing, and other factétc.

It has always been clear that, though test method standardi-
zation allowi relative resolution rating and specifications by comparison,
it is not by‘nny means an "sbsolute" orrsiea uell-defined measure of

“useful” optical component resolving pouet;l

. 1ln fact, even the concept of resolution specification via line spacing
is quite arbitrary considering, for example, the equally-valid use of
resolved sepsration of poiat sources of light common in telescopic or
diffraction-limited optical systems (a procedure which {n most cases
does not give resolving power specifications which are simply relatadle
to corresponding line spacing refolving power measurements).

et sy o
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In recent years, the desire for a more rational and less
arbitrary measure of optical resolvin, power has led to the introduction
of new concepts in optical system resolution analysis. New terms such
as "point~- and line-spread function', "moduiation transfer function',
“sine wave response", etc, have entered the optical engineers' and
photograph=rs’ vocabularies; Reference to tnese terms has largely
supplanted reference to optical resolution in terms of "resolved" line
spacings.

A new technique for measuring and specifying film and lens
resolving power has now become established enough to warrant irs use in
film resolution specifications by the largest {ilm manufacturer in the
United States (though such specifications are not readily available from
other manuf’acturers).1 At least until recently, however, only one lens
manufacturer routinely tests by this méthod and makes such test results
publicz. Consequently, the new technique is of limited practical benerit
to the photographer, engineer, or scientist., The new concept involved
is typically referred to as measuring the "sine wave response" or
“modulation transfer function" (terms adopted from control theory) of a
lens, film, processing procedure, or complete optical system and photo-
graphic process, Both the roncep£ and its details have been discussed,
revieved, and developed rather extencively in the photegraphic and optical

literature. It provides a wore satisfactory spproach to questions of

. Reference A6
hallenged statement by Schneider representative at a Society of
Photographic and Instrumentation Engineers meeting.




optical resolution only at the expense of:; first, greater complexiFy of
optical component description, and, second, information inputs corres-
ponding to specific optical components. Thus, the "modulation transfer
function" approach is not amenable to general studies aimed at ocutlining
trends and optimum configurations for a desired photographic instrumen-
tation task. For these reasons, no further review of discussion of this
resolution analysis approach is presented here. Some references on the
concept and techniques of the approach are noted in the accompanying

partial bibliography ((A<7) to (A-10)).
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I1. Analysis
A. Introduction

The complexity and lack of generality of the intellectually-
pleasing (but relatively intractible) "modulation transfer function®
approach to opt@ca;:system resolution analysis appeared of little value
for the design praclem inherent in solid propellant surface photography.
On the contrary, it appeared reasonable (for preliminary design purposes)
to investigate the influence of optical system parameters on resolution
via the old (and admittedly imperfect) notions of resolving power and
"depth-of-field" in terms of resolved line spacings,"circles of con-
fusion", etc.

The envisioned purpose of this enalysis was to attempt to
determine:

(i) the feasibility of fine detail observations on a
solid propellant burning surface, and

(ii) the extent of necessary trade-offs in resolution
vs, depth of field as applied to solid prapellant
burning surface obrervations.

The analysis wae carried out consistent with the conccpt of a photo-

optical transformation (by an imperfect optical system) of infinitesimal

1ight sources (at arbitrary locations in the object space) to areas of .=+

finite dimension in the image plane. After transformation back to the
object space via a fittitious, perfect optical system, the scale of such
a finite area then corresponds to a miniwmum resolved object scale,

Mathematical relations involving these point-source image

i . -
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scales include the specification (via several diffe?ént céncep;ual routes)
of contribution. to image dégradar‘on from several different géurces.
Diffraction effects are specified by refereace to the wellrkncﬁﬁ,
Fraunhofer diffraction patterﬁ'(dealing with dirculaeriffractioﬁ:patkerqs”‘
in the image plane and peint light sources in the‘objec_ plane (A;lli).
The effects of film and optical component aberrations are\épecified to-
gether in the analysis as of a scale equal to thébinverse of a rezolving
power specified i.. terms of a "resolved" line spacing. Geometrical
optics depth-of-field eff;cts are specified by a characteristic &imensién
‘equal to the diameter of the circular intersection cf the image plshe‘

and a paraxial, conical bundle of light rays from & point source in

the object space. These various scales of image degradation are, in

th@; analysis, added together to specify an overall, coﬁbined scale

of resolution as a function of object displacement from the plane of‘
perfect focusl. It must be noted that these individual contributions

are from sources of different natures and should, therefore, te

viewed cautiously as approximate dimensional scales (in numerical

results) rather then as absolute, well-defined, physically-significant

dimensions,

1Alternat:ive approaches might involve a combined scale equal to the square
root of the sum of squares of these various dimensional scales, or, more
complicated yet, an attempt to inject radiant energy flux distributions
from, for example, the Fraunhofer diffraction pattern, Such more compli~
cated approaches were deemed unjustifiable in light of the preliminary,
approximate nature of the desired analysis,
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Another cause for caution in in:erpféting the numerical results

’"theﬁfollowing'anaIYSis is the iack of a clear-cu& and usable definition

of‘jus: wha. constitutes "“resolution" in a ptéctical gense (say, that
efanbserving.individuai oxidizer particles in detéil).‘ It is well-
knoﬁ? that an individual object can de sensed visually, fof examp le,
without sufficient detail being observed toﬂéllow actual identification
of tue object., Identification of derails in optical images depends on>

A complex interplay between factors characteristic of both the opticai

system employed and the nature of the object viewed (e.g., object

geometry, brightness, and contrast), Individually, these factors are
incompletely understood, aqd together they form the subject of "object
recognition', an active aréa 6f cyrrent research effort, Typical of
analysis involving such complexity, the following one presumes a limiting
case, {.e., it is assumed arbitrarily that an object of dimension

smaller than that corresponding to the dimensional scale of :he'image

of a point'source cannot be considered as "resolved". >In rather abrupt
gndrgrbitrary contrast, tﬁe analysis further presumes Ehét objecté
larger than this scale can be observed in some detail, and, henace,

considered "resolved". Thus, the analysis employs an artificially

well-defined dividing line between "resolved" and "unresolved" object

scales, Nonetheless, this arbitrary dividing line is of some usz for
qualitative, parametric studies and of some prowise for useful order-

of~mugnitude quantitative results,
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- B, Derivation
1. Characterization of Film-Optical Aberration Effects
, - 1
Let: . d 2 C —
F~0 F-0 LF-O

where CF-O is a constant of proportionality. Assuming, for simplicity,

that CF-d = 1 , then:
i
d T —— [A-1.1]
F-0 LF»O
Characterization of Diffractive Effects

2.
Considering diffraction by a circular\aperture via the Fraun-

hofer diffraction pattern approach (A-11):

ap = %Mo we 061 M [A-2.1]
N . . -
SIN[TAN =2
2X
. 1
, a -1 & .. a :
Since typically: -—— &< 1 , then: SIN[TAN =~ ===} % o [A-2.2]
: 2X X, X
- Ao MK 2,
Therefore: dD ¥ 0.61%~ a— = 0.61a -3=
dD & 1.22)0F [A-2.3]
3. Characterization of Geometric Fffects
A & . (B -la
) From geometric optics, for le . 2X2 <1 ; (2x1 § TAN le
=% 'I'AN-1 =2~ ) and for paraxial rays (A-"72):
2X2 sz
N _ 4%y
Aﬁ aM4dG
[A‘3-1]
s - i
, aM+dG




i SR AP e

Letting: A E Al + Az

1 1
Then. A= del (aM“d + amd )
G G
. X2
But: XZ = MXI and Fz = [A-3.2]
d
Then: i A= Gz d2/ 3
M™ 1-{G'aM)
ZdGF
Therefore: AZ T {A-3.3]
2 d
~ JAN
or: dG = !21.—.- for: ﬁf <L 13 ?;-1- s -2-;-; &L 1 [A-3.4)

4, Combined Characterization of All Image-Degrading Effects
Clearly: dy = O @ dp > 9y
For simplicity, consider a linear combination of effects:

dz = aco + aF-Odr-O + aDdD [A-4.1]

where the coefficients aq » 8p_g * a, represent the relative contri-
butions- to image degradation by the three assumed sources and are

assumed to be constants.

. d ad +a,
Let: , d ——A- G Q“F':d"‘o D.ib.

M- M
Substituting from [A-1.2], [A-2.3] , and [A-3.4] into [A-4,2]:
w08g 3.0 [A-6.2)
u (5= 4+ 1.22\Fa + =) /M ’
dy ~ or DL,
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d a
or: A= (;}f— - 1.22\F ;l-)- - E-0 ZF (A-4.3)
G ¢ % l‘1?-0 N

| O can now be assumed equivalent to D , the axial object-space distance
from the plane of perfect focus over which detail of scale dH can be
resolved, Twice this distance, 2D , then describes the total object
space distance over which dM is resolved. (The symbol 2D 1is retained
rather than being redefined in order to accent the displacement notion

involved).

2
Therefore: (—)( g, - 0.61 (.D)('*’F) A- aﬁ =0
G

w’ 11
_n_) M L [A'l..a]
of

It is notable that the effect of the rerms correspcnding to optical
aberrations (and film effects) and diffraction eifects has been to
decrease the effective "depth-of-field", 2D , (err which dH is re-
solved), to less than that predicted on a geometric optics basis alone.
It is further noteworthy that, excepting the term resulting
from film-optical aberration effects, 2D in Equation [A-4.4] depends
only on the parameters F and M via their ratio P/M . The comtri-
bution of the film-optical aberration term is seen to depend &1ls0 on

HL,_O but not on r alone. Hence, a natural choice of varisbles for

the 2D vs, dH- relation is F/M (or 2F/M) and "LF-O (rather than
P,M,and Lo individuslly).

The cheice of 2F/M as a variable is especially attractive
~ a - .
since, for large du (relative to ;! dD and :E:Q dr_o ), 2
G G .
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approaches %% ;M , and hence, ZD(dM) depends in the limit only on
G

the ratio 2F/M1. Thus, the expression:

| 2Fdy .
W= 20y,

[A-4.5]

expresses the ultimate maximum object distance, 2D , over which dM
may be resolved at a given value of 2F/M and is the asymptote of any
other, more complete expression for ZD(dM) accounting for other types
of image degradation. Equation [A-4.5] is represented graphically in
Figure A-1 for several values of 2F/M.
Considering next the effect of the diffraction term,

4D, 2F, 2
0.61 (;;9(3;) A in Equation [A-4.4), it is clear that another, lesser
limit on ZD(dM) is imposed if diffraction is considered. This limit,
though lower than that expressed by Equation [A-4.5), still depends only
on the variable 2F/M . Thus, a single curve (below that representing

Equation [A-4.5]) appears for each value of 2F/M on the 2D vs. dM

plane corresponding to:

2Fd a 2
M D ,2F,. . ..l
2D = "“'G - 0.61 5 (-lil A & ZDuu. [A=4.6)

Several curves representing this linit are shown ;n_Flgure A-2,
Finally, the effects of film-optical dberrqtionc enter into

Equation [A-4.4] decreasing ZD(d") even farther, Since it has been

lrht- oﬁvioﬁliy corresponds physically to the predominance of gaonetric
image degradation (in the normal photographic "depth-of-field" sense)
over diffractive and film-optical aberration effects.




iy AR T Wi A 1o

e gt S

O s A

A-12

assumed here that these effects are characterized by a constant scale

at the image plane, dF-O , the object scale to which they correspond,

dF_OIM (or I/MLP-O) introduces a dependence of ZD(dM) on "LF-O (in

addition to its pfeviously-discussed dependence on the ratio 2F/M).

Thus, for a given value of 2F/M , differerit values of HLF-O (and

therefore, of F ) result in a £aqily of curves in the 2D vs. du plane,

each curve lower than that expressed by Equation [A-4.6)] (and by Equation -
[A=4.5), of course). Several curves of these families representing the .

complete relation [A-4.4] are shoyn in Figure A-3.

An upper limit on 2D(dn) clearly exists for given values of

A, L s 8. s a . :E:Q , since, maximizing 2D with respect to 2F/M .
ko € % %
and taking the limit as M approaches oo : .
2
lim wIE2—) =0]=3%—z2 T [A-4.7)
| I, 2.46x - “ule, :

Mo
Equation [A-4.7) appears in Figure A-3 as the singular solution MsF=0Q
and is further shown numerically in Figure A-4 where 21)“lt /dH is

plotted versus dH with A as a parameter.

- e

!urthet, as ntgh: be expected from the linear image dcgradation

lOdQl c-ploycd here and from the verttcnl asymptotes of Pigure A-z.

ainimum dx is 1ndieated for ZD cpproaching gero:

e (- -051:2(_”.)34,.!-0 L. Lo (A-é.ﬁ]
D - 0 Gd") 8 Myt g d'e_u. | » S

(-':n‘n """r-o) | -
u |
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is shown numerically versus 2F/M in Figure A-5 for the case:

a a
w1, 2 EQ L and 4= 0.555 with —

a, a, My oo

(dﬂ)min.

as a parameter.

C. Results
The results of the preceding analysis are essentially represent-

ed in Figure A-3. This figure represents the effects of limited variations

Ll R 5 s st 2

in F/M and HL!'O (for a typical value of » as well as for assumed

a_ .

values of a_ , ;2 , and F-0
G G

portrays several pertinent aspects of the photomacrographic resolution -

of unity). The figure graphically

PN TS

"depth-of -field" problem.
From Pigure A-3, it is obvious that diifraction and ftlu; |
- optical aberration effects result in a serious deére-entlln the extent
of the object space within which small particles can be expected to be

resolved, t.e., classical calculations éan beigxpected to overestimate

“depth-of ~field" conliderably,étAteoolutton scales on the order of typi-

cal small solid propellqnt.oxi&i:er5tizes.(5 to 50 -icront). In fact, |

IR o ot

the steep &pptoachea:of‘the curQe. of ?lguie‘A-6 to D« 0 at a finite
‘dl fndicate l ftnite tesolution limit due to dtftractton and film-
opttcal abetrntion effects. ‘.

;;- ' o The pattteulnr charactetlza:lon of these effects which vnre

_E . . cq:loycd tn the anclytlul :rum:tt uy. in their neeelnry smllcity.

- - be innutttctan:ly t“llltic du. to the lcnntttvtcy t-pllqe by the steep
| approach to D=0 at flnite du'. It ll.'fot sxample, quite polctblo

R TP

~ that s root mean squere addt:lon of these influences (rather than the
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linear combination of Equation [A-4.1]) would result in appreciably
different limiting values for dM (and therefore, for ZD(dH) near
these limits). Similarly, an attempt to deal in greater detail (and
with considerably greater analytical complexity) with the actual spatial
distributions of radiant energy flux resulting from these effects (by
adding image degradation contributions differentially and integrating
spatially) would probably give somewhat different results. A finite
resolution limit would nonetheless still be observed to result from any
such analytical approach.

As sensitive as the numerical results of Figure A-3 wmay appear
to be to effects which vere but crudely approximated in the analysis, it
must be allowed that these predicted relations are quite likely opti-
mistic; real syatems with corresponding nominal values of the various
paraneters dealt with in this analysis are quite likely to exhibit less
resolution than the numerical results of the analysis indicate. Opti-
mistic telqltl are, houevet.’qutte within the spirit of the lnnlyytl,
th' that trends and, in an o:det-of-agni;ude sense, the m-erical hluu
still hive use in attenpﬂn; to judge photographic cancept feaﬂbility
. and tn the early iu;u of system design. |
| i_n»t._h the vprcu-im‘ry qiti‘ccl system design pntpoce of th_é
snalysis in sind, lt-ii»uoéful to consider typical orders of megnitude
of the vatl_ons"puimtén and varisbles whﬁh» ;re pertinent ¢o the
'rmlution s, ”dcnh-ci-vfuld" problem.

The numerical calculations expressed by Figures A~2, A-3, and
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A-5 were carried out for values of A = 0.555 microns and a., , ;—l-)- , and

a G
i'o The value of )\ chosen is reasonable since visible light
G

photo'gtaphy is much easier experimentally (focussing, etc.),since visible
light optics and films are readily available in great variety, and since
‘ typical light sources are of color temperatures giving reasonable effi-

ciencies in the visible light spectrum. Values of the combining parameters

¥ PN :.'L , and aﬂ were chosen as unity due to lack of a better value
G ac ‘G

and due to the presumption that within the usable range of operating
situations the details of image degradation effects are relatively un-
important. This ,.esumption could only be validated by an experimental

or analytical study well bey;md the scope justifiable by the purpose of

i
H
H
H
¥
¥
{

11
b
&
¥
K
B
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this analysis.

| | A typical value of the combined film-optical system aberration
scale parameter, “F Q0 ° vas chosen as an example for Figure A-3. This
value represents a likely upper limit of practically attainable systems.
It might be 'vi.eved, for example, as remlting'frd- a linear combinat ion

of scales:
L

"r-o - T::.:do‘. d!‘--ll.:"'l, ,

‘uhotc tlu optical nad film eifocto are now separated, In these tem.

I.._o = 100 unuh.h ntlmnubh based on a :ypical fine-grain

phot,ognphtc mluoa I.' = 140 lines/mm., and a rather optimistic high-

quuty photographic leul specification, l.o = 350 unclI-.
Typical mblc values of F and N are 'o-uhat less clurly

llodlt Panatomic-X (Reference .A-? e
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indicated. Usable focal length photographic lenses of high resolution
are of apertures such that, generally, 5 & F'< 100. A reasonable

minimum approach distance to a burning propellant sample, say, 2"< xl
requires that f > 2", A reasonable maximum optical system length is

1

x.l + xz = 200", Then, (M) = x2/f = 200"/2" = 100, Since M= 1

maximum

is a reasonable lower limit on M , then, with F = (N+1/M)F' , 10< F <100,
Thus, reasonable values for F/M are: 0.10< F/M < 100. It is clear,
however, that if several oxidizer particles are to be viewed on a burning
surface:

1 to 10« <

» ¥
. d M
and, therefore
0.5 to 5¢ <

Actmlly, the approximations of the preceding first-order analysis required
t.h;t I;—l- & 1 and, therefore, that 2F/M >>»1 . This requirement,
therefore, implies that 2F/M 2 10 or F/M > 5 which thereby places
a minioum value requirement (for the purposes of this analysis) on F/M
which, though slightly higher than that deduced on the preceding grounds
is not so far above the reubm‘b}.e ZD_/dH > 0.5 to 5.0 requirement as
t‘é provide a major problem in a discussion of trends and orders -of-nn;nit:m.b

In swamary, therefore, rgasmb_le. attainable (though somevhat
oﬁthi:ﬂc) nlui of the various opti-ca-i system parameters are:

A = 0.55 microns(based on oﬁcnttml ease, lens and light

source specifications, and visual focussing
requirements)

l!1: suct be allowed, however, that this is ot a urim or fundamental
iimit and may be exceeded in design.

I AL St
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a =~22 = jE:Q.g 1 {as a reasonable, though uncertain approximation)
e aG aG
LF-O = 100 lines/mm. (based on typical high-resolution
lens and film resolving powers)
and; 5 £F/M < 100 (maximum: based on a reasonable approach distance
to sample)
or: 10 & 26/ £ 200 (minimum: based on a Tequired resolution of at

least several particles)

Viewing the numerical results of the preceding first-order
analysis with respect to these values of parameters and variables, then,
it becomes apparent that useful burning surface photographs of solid pro-
pellent samples are probably feasible. Hopes for detailed views of
more than & few individual small oxidizer particles are, however, unsup-
ported. Clearly, it is unlikely that more than one or two particles of
scale 10 microns or less can be viewed at a given time, but that an
appreciably large field, say, 10 particles in depth tan be viewed if the
minimum particle size of interest is larger, say, 20 to 50 microns.

With these magnitudes in mind the optical syq:eﬁ described in
Chapter Two was assembled. 1Its final desigh and the‘lighting used with
it would be predicted on the basis of ;he foregoing analysis to be:

approximtely represented by the 2D~da.plott~lhoun in Figure A-=6,

[ Y2
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NOMENCLATURE

dimensional ‘image-plane scale of the distance between twe point
source objects just resclved despite diffraction at a circular
aperture,

dimensional image-plane scale (of a point source object) due
to the combined effects of optical system image degradation
(chromatic, spherical aberrations, etc.) and film resolution
(due to emulsion thickness and granularity, etc,)

dimensional image-plane scale (of a point source object) due to
geometrical cptics effects of an object location displaced from
the plane of perfect focus (conjugate of the photographic film
plane)

total dimensional image-plane scale (of a point scurce object)
due to all causes of image degradatiomn

minimum dimensional scale of "resolved" object detail
axial distance (over which Dy 1is "resolved") on either side

the plane of perfect focus

image scale at fiimAplane\
object scale at plane of ’
perfect focus

nominal optical system magnification (

object displacement from the plane of perfect focus (4, = dis-
placement toward lens; Al = displacement away from lens)

effective focal length of nnticai system1
diameter of efféctive aperture of optical system1
axial distance from cbject plane to lens1

axial distance from lens to image plane1

nominal optical system F-stop ( = —5— )

effective optical system F-stop ( = F'(MH1))

)

“"numerical aperture" of optical system ( = — 1%
SIN (Z-a— )

llt iy presumed that all complex optical systems can be considered as
equivalent in these terms to a single, simple lens system.
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- 1] - = index of refraction of object and image spaces
§ Ao = wavelength of light in vacuo

{ A -

B k-;?i = wavelength of light in object and image spaces

LF-O = minimum line spacing of "resolved” image (in the traditiona:
resolution chart sense) after film and optical image degradation
but excluding diffraction effects. )
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SURFACE OF POLYESTER-STYRENE PROPELLANT
PHOTOGRAPHED WHILE BURNING (I atm. press. in N, )

20x MAGNIFICATION AS SHOWN
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SURFACE OF POLYSULFIDE - AMMONIUM
PERCHLORATE PROPELLANT BURNING
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SURFACE OF POLYSULFIDE -AMMONIUM
PERCHLORATE PROPELLANT BURNING
AT 100 psig
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